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ABSTRACT: Colonies of the hermatypic coral Pocillopora damicornis were collected from the shallow
reefs of Kaneohe Bay, Hawaii, to assess the wavelength-dependent effects of ultraviolet (UV) radiation
on photosynthesis. Measurements of photosynthesis and respiration were made while corals were
exposed to different UV irradiances, keeping visible radiation constant, using long-band pass filters. A
differential action spectrum (biological weighting function) for the inhibition of photosynthesis by UV
radiation was then determined for P. damicornis. The action spectrum revealed an increase in the
wavelength-dependent effects of UV radiation on photosynthesis between 290 and 310 nm that is
greater than those increases reported for action spectra on natural assemblages and unialgal cultures
of marine microalgae. The greater effect at these wavelengths is a result of the high biologically effec-
tive doses of UV radiation experienced by these corals on shallow reefs, and the decrease in the
absorbance of UV radiation by UV absorbing compounds found in the host tissues and algal symbionts
between 290 and 310 nm. The irradiances of wavelengths in the region between 290 and 310 nm are
those which will increase in the event of any decrease in stratospheric ozone over equatorial regions. If
the observed sensitivity of P. damicornis in this spectral region is common in other species, it may have
important consequences for growth, reproduction, and occurrence of the bleaching phenomenon for
shallow water corals.
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INTRODUCTION trend of ozone loss over equatorial regions (Madronich
1992). Owing to the high transparency of tropical
ocean waters, UV radiation penetrates to considerable
(>20 m) depths (Jerlov 1950, Smith & Baker 1979,

Fleischman 1989). These wavelengths are known to

The decrease of stratospheric ozone from anthro-
pogenic inputs of chlorinated fluorocarbons has
resulted in an increase in the amount of harmful UV-B

(290 to 320 nm) reaching the sea surface in northern
and southern latitudes. The natural concentration of
ozone, however, is known to be thinner near the equa-
tor (Cutchis 1982) such that tropical ecosystems have a
long evolutionary history of exposure to greater fluxes
of UV radiation than those measured at high latitudes
(Green et al. 1974, Frederick et al. 1989), and recent
data describing global decreases in stratospheric
ozone, with calculated increases in UV-B, did show a
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have a detrimental effect on photosynthesis and
growth in corals {(Glynn et al. 1992, Shick et al. 1999)
and zooxanthellae (Jokiel & York 1982, 1984, Lesser &
Shick 1989), and on the survival of coral reef epifauna
(Jokiel 1980, Siebeck 1988). Ultraviolet radiation has
also been implicated as one cause of bleaching in
corals and other symbiotic cnidarians (Lesser et al.
1990, Glynn et al. 1992, Gleason & Wellington 1993)

It is widely assumed that corals are protected against
the deleterious effects of UV radiation by UV-absorb-
ing compounds, known as mycosporine-like amino
acids (MAAs), which act as a broad-band filter when
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host tissues contain several MAAs of differing absorp-
tion maxima (Dunlap & Chalker 1986, Stochaj et al.
1994, Shick et al. 1995). The concentrations of these
compounds vary inversely with depth (Dunlap et al.
1986, Shick et al. 1995, Lesser unpubl.), and have also
been shown to increase in concentration in response to
transplanting or experimental altering of the exposure
of corals to higher UV irradiances (Jokiel & York 1982,
Gleason 1993, Kinzie 1993).

Shallow-water corals are generally more resistant to
UV exposure than are conspecifics from deeper water
(Siebeck 1988). Gleason (1993) reported a correlation
in the bathymetric distribution of certain morphotypes
of Porites astreoides with their concentration of MAAs
such that the effects of UV radiation on skeletal growth
rates, and in hospite mitotic indices of zooxanthellae,
were decreased in shallow water morphotypes with
increased concentrations of MAAs. Additionally,
changes in the photosynthetic performance of corals
have been observed under conditions where exposure
to UV radiation was experimentally manipulated (Kin-
zie 1993, Shick et al. 1995).

We presently do not know the wavelength-depen-
dent effects of UV radiation for essential physiological
functions in corals, although an action spectrum by
Halldal (1968) on isolated zooxanthellae from Favia
pallida suggested that UV radiation inhibits photosyn-
thesis. These findings are also supported by action
spectra for photoinhibition by UV radiation in cultured
zooxanthellae of Aiptasia pallida {Lesser 1996b). Ac-
tion spectra and accurate radiometry are essential for
making predictions through modeling (Smith et al.
1980, Caldwell et al. 1986, Coohill 1989) and will be
especially so in the event of continued changes in the
rate and geographic extent of ozone depletion. Here,
we describe an action spectrum for the inhibition of
photosynthesis by UV radiation in the hermatypic coral
Pocillopora damicornis from Hawaii.

MATERIALS AND METHODS

Samples. Samples of Pocillopora damicornis were
collected at the Hawail Institute of Marine Biology
(HIMB), Kaneohe Bay, during July 1994. Samples were
collected from a windward reef (‘Point Reef’) site by
snorkeling. All samples were collected in 1.0 m of
water and ranged in size from 6 to 8 cm colony height.
Coral samples were brought back to the HIMB labora-
tory, cleaned of epibionts, and held for 24 to 48 h in
flowing seawater tanks under full ambient solar irradi-
ation until deployment in an underwater respirometer.

Oxygen flux data. Colonies of Pocillopra damicornis
were placed in a self-contained, multichambered,
underwater respirometer as described in detail by

Porter et al. (1984) at 1.0 m depth for 24 to 36 h to
obtain oxygen flux and underwater irradiance data.
Briefly, the chambers have a volume of 2 1 and are
approximately 15 cm in diameter. They are made of
cylindrical Plexiglas (50 % cutoff at 385 nm) with UV
transparent (90 % transmission of ambient solar radia-
tion) quartz lids. All chambers were constantly stirred
and flushed at 30 min intervals to prevent supersatura-
tion of the seawater with oxygen during the day.
Changes in oxygen concentration were measured
using calibrated YSI Model 57 polarographic elec-
trodes. Data were collected and stored, then down-
loaded to a computer and converted to oxygen concen-
trations and fluxes. The incident photosynthetically
active radiation (PAR; 400 to 700 nm) was recorded
using an external 4n spherical quantum sensor simul-
taneously with the oxygen flux data. Temperatures
within the chambers ranged from 26 to 28°C during the
day. Photosynthesis and respiration were normalized
to colony chlorophyll a (chl a) content as determined
immediately after removal from the respirometer by
covering each colony overnight with 90 % acetone 2 or
3 successive times at 4°C, recording the total volume of
acetone used, and combining all extracts. The equa-
tions of Jeffrey & Humphrey (1975) were then used to
calculate the concentrations of chl a.

Spectroradiometery. Spectral data (300 to 700 nm)
were recorded using a LiCor LI-1800UW scanning
spectroradiometer (LiCor, Lincoln, NE, USA) through-
out the 36 h incubation period. The reported data are
maximum downwelling irradiances measured at
12:00 h during the oxygen flux measurements. The
cosine-corrected collector and sensors were pro-
grammed to scan from 300 to 700 nm in 2 nm intervals.
The instrument was deployed at 1.0 m depth alongside
the multichambered respirometer and recorded ambi-
ent spectral irradiance hourly. For each measurement
3 scans were taken and the mean reported in units of
Wm?nm-! Integrated values of unweighted UV radi-
ation (300 to 400 nm) and UV-B radiation (300 to
320 nm) were calculated, and biologically effective
irradiances were determined using the DNA weight-
ing function of Setlow (1974), the generalized plant
function of Caldwell (1971), the chloroplast photoinhi-
bition function of Jones & Kok (1966), and the dinofla-
gellate photoinhibition weighting function of Cullen et
al. (1992).

Construction of the action spectrum. In addition to
the UV transparent quartz lids for each chamber of the
respirometer, individual long-band pass filters that
progressively excluded UV radiation while keeping
visible radiation constant were fitted over the
respirometer chambers. The long-band pass filters
(Schott, WG series) were 16.5 cm square and 3.0 mm
thick with a nominal cutoff (50 %) at 280, 295, 305, 320,
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375, and 395 nm. The action spectra resulting from this
polychromatic approach (Caldwell et al. 1986) are
more ecologically relevant when examining UV-
induced inhibition of photosynthesis, since photoinhi-
bition is the net result of damage and repair processes
{(Lesser et al. 1994) whereas repair processes are often
dependent on the presence of visible radiation. The
action spectrum (biological weighting function) for
Pocillopora damicornis was constructed initially by
modeling net photosynthesis to irradiance (P-I) to char-
acterize photoinhibition by UV radiation for each filter
treatment. Initial plots of the raw data showed no sen-
sitivity to irradiances greater than saturation, as is
commonly observed in phytoplankton. Consequently,
the hyperbolic tangent P-I model [P# = P,Btanh(al/P%))
of Jassby & Platt (1976), where P? (umol O, ng™! chl a
h™!) is the instantaneous rate of photosynthesis normal-
ized to chl a at irradiance #; P.® (umol O, ug~' chl a h™})
is the maximum rate of photosynthesis; and o [pmol O,
ng~! chl ah™! (nmol quanta m™ s71)7"] is the initial slope
of the P-Icurve, was used to non-linearly fit the oxygen
flux data normalized to chl a and derive the maximum
photosynthetic capacity, P,., (umol O, ng~! chl a h™},
for each coral.

The P,., data and maximum irradiance of total UV
radiation were then used to obtain the differential UV
irradiance between successive filters and the differen-
tial biological response (photoinhibition) as described
by Rundel (1983) to obtain the average action spec-
trum for each WG filter. Using this approach it is possi-
ble to associate the observed fractional changes in
photosynthesis with the corresponding change in UV
irradiance. These data were then interpolated from
280 to 400 nm at 1 nm intervals, normalized to 1 at
290 nm, and then iteratively fit to the exponential
equation £(A) = exp(ag + a;A + @,A?) as described in Run-
del (1983). The action spectrum for Pocillopora dami-
cornis was then compared to those for natural assem-
blages of phytoplankton from Lake Bonney and
McMurdo Sound, Antarctica (Neale et al. 1994), cul-
tured Prorocentrum micans acclimated with artificial
UV radiation (Lesser 1996a), cultured Phaeodactylum
sp. acclimated without UV radiation (Cullen et al.
1992), and cultured zooxanthellae from the sea
anemone Aiptasia pallida (Symbiodinium bermu-
dense) acclimated with artificial UV radiation (Lesser
1996D).

RESULTS
Ambient spectral data

Unweighted and biologically weighted UV irradi-
ances for Pocillopora damicornis are reported in Table

Table 1. Unweighted and biologically weighted UV irradi-

ance (W m “, 300 to 400 nm) and UV-B irradiance (W m™?,

300 to 320 nm) for samples of Pocillopora damicornis and

Symbiodinium bermudense (Lesser 1996b). Values in paren-

theses are the percentage of unweighted UV composed of
UV-B radiation

Weighting function Pocillopora Symbiodinium
damicornis bermudense

DNA 0.0044 0.00057
Plant 0.0632 0.00503
Photoinhibition (chloroplast) 6.439 0.06757
Photoinhibition (dinoflagellate} 1.193 0.01252
Unweighted UV-B 1.969 (4.32%) 0.088(34.38%)
Unweighted UV 45.55 0.256
PAR 431.0 27.13
PAR:UV-B 219 308

1 and compared to irradiances measured in a labora-
tory experiment with cultured zooxanthellae from the
sea anemone Aiptasia pallida (Lesser 1996b). The
maximum PAR irradiance for P. damicornis, measured
during the deployment of the respirometers, was
1950 pmol quanta m~? 57! and 125 pmol quanta m™2 57!
for Symbiodinium bermudense (Lesser 1996b).

Spectral data within the respirometer chambers

UV irradiance in each chamber was determined
from transmission spectra taken on both the UV trans-
parent quartz lids and long-band pass filter used for
the polychromatic action spectrum measurements. The
specific transmission spectral scan for each lid and fil-
ter combination were multiplied by the ambient UV
spectral irradiance scan at noon and integrated as
reported for ambient irradiances in Table 1 to obtain
the maximum UV irradiance in each chamber
(Table 2). These irradiances include the total amount of
UV in each chamber regardless of the standard nomi-
nal cutoff of the long-band pass filter. That is, wave-

Table 2. Maximum UV (W m?, 300 to 400 nm) and UV-B irra-

diance (W m™2, 300 to 320 nm) reaching the coral samples

inside each chamber during the action spectrum measure-
ment on Pocillopora damicornis

WG long-band pass uv UV-B
filter (50 % cutoff) irradiance irradiance

280 nm 39.17 1.693
295 nm 38.92 1.683
305 nm 38.12 1.681
320 nm 37.20 1.601
375 nm 24.06 0
395 nm 13.18 0
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lengths below the nominal cutoff for defining these fil-
ters (5074) are included. Incremental doses of UV radi-
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Fig. 1. Photosynthesis-irradiance fits and P, values (pmol O, pg™' chl a h'")
using the hyperbolic-tangent model on chlorophyll-specific photosynthetic
rates of Pocillopora damicornis for each WG long-band pass filter
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Fig. 2. Comparison of published action spectra (biological weighting functions)
to the action spectrum for Pocillopora damicornis. All action spectra were nor-
malized to 1 at 290 nm for comparison. The action spectra are from natural
assemblages of phytoplankton from Lake Bonney and McMurdo Sound, Antarc-
tica (Neale et al. 1994), cultured Prorocentrum micans acclimated with artificial
UV radiation (Lesser 1996a), cultured Phaeodactylum sp. acclimated without
UV radiation (Cullen et al. 1992}, and cultured zooxanthellae (Symbiodinium
bermudense) from the sea anemone Aiptasia pallida acclimated with artificial
UV radiation (Lesser 1996b)

ation reported for the 280 and 295 nm WG filter treat-
ments are the result of the different spectral character-

istics of the lid and filter combinations
between these 2 treatments and not
because there is more ambient UV
radiation between 280 and 295 nm.
Because of the variability in the spec-
tral characteristics of the chamber lids
and filters, the UV irradiance for these
filter treatments increases even
though the lower limit that the spec-
troradiometer measures is 300 nm.
These differences are small (Table 2)
but apparently biologically effective,
as observed in the P-/data.

Action spectrum for inhibition of
photosynthesis by UV radiation

Over 200 points of photosynthesis
and irradiance were used to obtain
each estimate of P, from the P-I
curves (Fig. 1) representing the WG fil-
ter treatments all of which had highly
significant fits (r* > 0.95 for all curves),
These estimates of P,,. showed a
significant effect of UV radiation
(ANOVA, p < 0.05) and all post hoc
pairwise comparisons (Student-Neu-
man-Keuls, SNK) of P,., among filter
treatments were significantly (p < 0.05)
different from one another (Fig. 1}, ex-
cept for the comparison between the
280 and 295 nm treatment (SNK, p >
0.05) The parameter values for the
action spectrum (Fig. 2) derived using
the exponential equation g(A) = exp(ag
+ ajA + a,A%) from Rundel (1983) were
ap = 67.538, a, = -0.3793 nm™!, a, =
5.055 x 107 nm™, r* = 0.968. A ¥?
analysis showed no significant differ-
ence between the measured and pre-
dicted values of biological effective-
ness. Action spectra for assemblages of
phytoplankton from Antarctica and
Pocillopora damicornis show greater
wavelength-dependent UV radiation
effects compared to action spectra
from laboratory acclimated cultures
of phytoplankton and zooanthellae
(Fig. 2) and, for P. damicornis in partic-
ular, an increased effect of UV
radiation on photosynthesis between
290 and 310 nm (Fig. 2).
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DISCUSSION

Despite the accumulation of significant
concentrations of UV absorbing com-
pounds in Pocillopora damicornis (Jokiel
et al. in press), samples taken from shal-
low (1 m) water show greater wave-
length-dependent effects of UV-B radia-
tion on photosynthesis than have been
observed for cultured and natural assem-
blages of marine microalgae. The results
of this study contradict the notion that the
effects of UV radiation on photosynthesis
in P. damicornis at 1 m depth would be
less than those on free-living phytoplank-

Relative Biological Effectiveness
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ton because corals contain higher pro-
tein-specific concentrations of MAAs.
One reason for this result is the higher
biologically effective doses of UV-B radi-
ation received in shallow tropical waters
which may be more damaging than previ-
ous data has suggested; further, this
result allows us to predict that subsequent increases in
UV-B radiation, due to even small incremental
decreases in stratospheric ozone, may have demon-
strable effects on the productivity of this shallow-water
coral and possibly other species. The potential for
changes in the community structure of shallow reefs
dominated by hermatypic corals as a result of increases
in UV radiation is unknown.

Action spectra for photosynthesis determined for
assemblages of phytoplankton and Pocillopora dami-
cornis, after exposure to natural solar radiation, also
show greater wavelength-dependent UV radiation
effects in the UV-B portion of the spectrum compared
to action spectra from laboratory acclimated cultures of
zooxanthellae and phytoplankton. The action spec-
trum of P. damicornis in particular reveals an increased
sensitivity between 290 and 310 nm, suggesting that
any increase in UV-B radiation due to ozone depletion
is likely to have an effect on photosynthesis in this
coral. The decrease in sensitivity at, and above, 310 nm
corresponds with the increased absorption of UV radi-
ation by MAAs that absorb principally in the UV-A
portion of the spectrum. Comparing these results with
an action spectrum for the cultured zooxanthellae
(Symbiodinium bermudense) of the sea anemone Aip-
tasia pallida shows that cultured zooxanthellae exhibit
significantly lower overall sensitivity to UV radiation
(Fig 2). These differences occur despite the fact that
the tissues of P. damicornis contain 75 times the pro-
tein-specific concentration of the MAA shinorine, and
4 times the concentration of mycosporine-glycine as
well as 4 additional MAAs not detected in S. bermu-
dense (Jokiel et al. in press). There are, however,

230

T
300

T T T T T T T T T 0.01
310 320 330 340 350 360 370 380 390 400

Wavelength (nm)

Fig. 3. Action spectrum for Pocillopora damicornis (showing ornginal data
points) and the spectral irradiance of noon solar UV at 1 m depth on Point
Reef, Hawaii Institute of Marine Biology, Kaneohe Bay (July 1994)

important differences in the irradiance of total UV and
UV-B radiation, and the PAR:UV-B ratio. The ratio of
wavelengths involved in activating repair (PAR) and
initiating damage (UV-B) is known to be an important
factor in offsetting any deleterious effects of UV radia-
tion. The PAR:UV-B ratio is higher for S. bermudense
than for P. damicornis, and the total biologically effec-
tive UV irradiance is lower for S. bermudense.

Using the action spectrum for Pocillopora damicornis
and the spectral irradiance of noontime solar UV radi-
ation at 1 m depth on Point Reef (Fig. 3), the integrated
biologically effective (weighted) irradiance is 2.036 W
m~?, (300 to 400 nm). This effective dose is almost twice
that reported in Table 1 for the dinoflagellate action
spectrum of Cullen et al. (1992), and is an underesti-
mate as it does not include spectral irradiance below
300 nm. Although more difficult to obtain, action spec-
tra derived from measurements taken during exposure
to solar radiation are more ecologically realistic. Labo-
ratory conditions, despite the enhanced UV-B compo-
nent, may actually underestimate the biological effec-
tiveness of UV radiation in the field, but can still
provide important insight into mechanisms of damage
caused by UV radiation. More research will be
required to determine if a single action spectrum can
be used for corals under different spectral irradiances
and composition; however, there is already some evi-
dence to suggest that deeper corals exhibit greater
sensitivity than their shallow-water conspecifics (Shick
et al. 1995). Additionally, the genetic composition of
the host (Benzie et al. 1995) and the symbionts (Rowan
& Knowlton 1995) will also contribute to the variability
of action spectra within and between species.
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For coral reefs at higher latitudes (e.g. Bermuda)
subjected to higher predicted decreases in stratos-
pheric ozone, and for subtropical and tropical reefs
periodically exposed to doldrum conditions and
increased water clarity which result in a decreased
attenuation of UV radiation, the increased sensitivity of
corals to UV-B radiation is particularly relevant as UV
radiation has been implicated in coral bleaching
(Lesser et al. 1990, Gleason & Wellington 1993). A
recent model (Garcia-Pichel 1994) suggests that the
functional aspects of accumulating MAAs may be
determined by the optical pathlengths, on the order of
microns, for free-living photoautotrophs and the prob-
abilities of a photon of UV radiation interacting with a
target molecule versus a molecule of MAA. For symbi-
otic dinoflagellates in corals and other invertebrates
the optical pathlengths should be much longer, and
presumably result in an increase in the absorbance of
UV radiation by MAAs. Although this bio-optical
model has been empirically tested, it appears that high
concentrations of MAAs and the optical properties of
the host tissues of corals may not provide sufficient
protection against UV-B radiation below 310 nm or
those wavelengths that will be most affected by any
decrease of stratospheric ozone over equatorial re-
gions. Another effect of higher doses of UV radiation is
that MAA synthesis and photosynthesis are coupled
through the shikimic acid pathway (Bentley 1990). Any
inhibition of photosynthesis by an increase in UV radi-
ation may effect carbon flux through the shikimic acid
pathway and result in still lower concentrations of
MAAs and an increase in the biological effectiveness
of UV radiation for corals.
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