Temporal Variation in Photosynthetic Pigments and UV-Absorbing
Compounds in Shallow Populations of Two Hawaiian Reef Corals'
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Abstract: As we seek to understand the physiological mechanisms of coral
bleaching, it is important to understand the background temporal variation in
photosynthetic pigments and photoprotective compounds that corals exhibit. In
this study, reef flat populations of two hermatypic coral species, Montipora capi-
tata (Dana, 1846) and Porites compressa Dana, 1846, were sampled monthly in
Kane‘ohe Bay, Hawai‘i, from January 1998 to March 1999. Surface ultraviolet
radiation (UVR) was measured continually during this time period at the same
location. High-performance liquid chromatography (HPLC) analysis of photo-
synthetic pigments and mycosporine-like amino acids (MAAs) revealed tempo-
ral changes in concentrations and proportions of these compounds in tissues of
both species of coral. Chlorophyll # (chl #), chlorophyll ¢; (chl ¢;), peridinin, and
diadinoxanthin concentrations changed on a skeletal weight (M. capitata) or sur-
face area (P. compressa) basis, significantly correlating with seasonal changes in
solar input (number of days from the winter solstice). In P. compressa, diadinox-
anthin increased in proportion to the total pigment pool during summer
months, suggesting an up-regulation of a xanthophyll cycle. In M. capitata, the
ratio of chl : chl ¢, decreased during winter months, suggesting photoacclima-
tion to lower light levels. It is surprising that there was not a clear seasonal
pattern in total MAA concentration for either species, with the exception of shi-
norine in P. compressa. The relative stability of MAA concentrations over the
course of the year despite a pronounced seasonal trend in UVR suggests either
that MAAs are not performing a photoprotective role in these species or that
concentrations are kept at a threshold level in the presence of a dynamic light

environment.

A CLEAR UNDERSTANDING of the natural
variation in coral pigmentation (both light
harvesting and photoprotective compounds)
is imperative as coral bleaching becomes
more frequent and intense due to global cli-
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mate change (Hoegh-Guldberg 1999). Corals
and zooxanthellae have evolved a symbiosis in
extremely high solar irradiance environments
and a narrow range in sea surface tempera-
ture. The algal symbionts (zooxanthellae)
resident in the gastrodermis of the coral
animal require access to photosynthetically
active radiation (PAR) (400-750 nm) for di-
urnal carbon gain, most of which is exported
in support of the symbiosis (Muscatine et al.
1984). However, access to PAR comes at a
price in the form of exposure to ultraviolet
radiation (UVR) (280-400 nm). UVB (280-
320 nm) radiation is absorbed by and causes
damage to nucleic acids and proteins (Holm-
Hansen et al. 1993). In addition, the absorp-
ton of UVB and UVA (320-400 nm) by
other cellular components can cause oxidative
damage via the production of active oxygen
species including singlet oxygen and oxygen,
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hydroperoxyl, and hydroxyl radicals (Dunlap
and Yamamoto 1995). UVR can penetrate
the water column down to 30 m in clear,
oligotrophic waters commonly found in the
tropics (Jerlov 1950, Smith and Baker 1979)
and has been shown to play a role in coral
bleaching (Gleason and Wellington 1993,
Grottoli-Everett and Kuffner 1995).

Variability in the amount of photosyn-
thetic pigment in corals has been recognized
for a long time. As depth increases, so does
the concentration of photosynthetic pigment
per unit of coral surface area, manifested as
an increase in pigment per algal cell (Chalker
and Dunlap 1983, Falkowski et al. 1990,
Masuda et al. 1993). Also, shade-acclimated
colonies have zooxanthellae containing more
pigment per algal cell than do light-acclimated
colonies (Porter et al. 1984). Increases in
photosynthetic pigment concentration per al-
gal cell as depth increases have traditionally
been interpreted as photoacclimation to off-
set decreases in light availability. Photoaccli-
mation on a seasonal basis, however, has
not been as well documented. Recent studies
have shown an inverse relatonship between
zooxanthellae density and solar irradiance in
natural populations, revealing a marked sea-
sonal cycle in zooxanthellae densities for
several species of coral wherein densities in-
crease in the fall/winter (Stimson 1997, Fag-
oonee et al. 1999, Fitt et al. 2000). Other
studies have documented high zooxanthellae
densities during periods of decreased under-
water PAR (during monsoon season: Brown
et al. 19994; due to increased turbidity: Cook
et al. 2002). Most of those studies also docu-
ment a wintertime increase in the amount
of photosynthetic pigment per algal cell, but
they measured only the chlorophylls.

Tissue concentrations of chl # are often
measured as the sole index of the light-
harvesting capacity of the coral-algal symbio-
sis (see Table 3 in Kaiser et al. 1993), which
in turn is often used as an indicator of the
physiological state of the symbiosis. The his-
toric trend of measuring only chl # could
be misleading because other pigments may
also be responsive to changes in the solar irra-
diance regime (Chang et al. 1983, Iglesias-
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Prieto and Trench 1997). The carotenoids,
for example, may perform a photoprotective
role by quenching excess irradiance, as dem-
onstrated for the xanthophylls in free-living
dinoflagellates (Demers et al. 1991) and re-
cently for coral-algal symbioses (Brown et al.
19994). In dinoflagellates, the light harvesting
is accomplished with chl # and the accessory
pigments chl ¢, and peridinin (Iglesias-Prieto
and Trench 1997). Only recently have the
accessory photosynthetic pigments found in
the zooxanthellae been considered with re-
spect to coral ecology (Fang et al. 1995, Am-
barsari et al. 1997, Helmuth et al. 1997,
Myers et al. 1999).

A suite of UV-absorbing compounds found
in the tissues of corals has been intensively in-
vestigated for their sun-screening potential
(for reviews see Dunlap and Shick 1998, Glea-
son 2001, Shick and Dunlap 2002). Known as
mycosporine-like amino acids (MAAs), these
compounds have been found in orders-of-
magnitude higher concentrations in shallow-
dwelling corals compared with deep conspe-
cifics (Dunlap et al. 1986, Banaszak et al.
1998). There has been debate over whether
these UV-absorbing compounds actually ben-
efit the coral as sunscreens; circumstantial
evidence continues to mount in support of
this contention, but direct evidence is scarce
(Gleason 2001). Several species of coral
increase concentrations of MAAs when trans-
planted from low to high irradiance environ-
ments (Scelfo 1986, Gleason and Wellington
1993). The naturally occurring, seasonal vari-
ation in MAA concentration in corals has re-
ceived little attention (except see Drollet et al.
1997, Michalek-Wagner 2001 [soft corals])
but offers a natural experiment by which we
can evaluate acclimation potential and the
role of MAAs in UVR protection.

The aim of this study was to document
temporal variability in photosynthetic pig-
ments and photoprotective compounds in
two species of corals in Hawai‘i, both of
which are major framework builders in the
Hawaiian Islands. The two species were
chosen based upon their importance in the
local coral community, and because both are

known to bleach (Jokiel and Brown 2004).
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Montipora capitata is generally more prone
to bleach than Porites compressa, as observed
during the 1996 massive bleaching episode in
Hawaii (P. L. Jokiel, pers. comm.). To docu-
ment background temporal trends in tissue
concentrations of photosynthetic pigments
and MAAs in these species, monthly tissue
samples were extracted and measured using
high-performance liquid chromatography
(HPLC). Recording the changes in photo-
synthetic pigment concentrations throughout
the year will increase our knowledge regard-
ing the acclimation of corals to a dynamic
light environment. Documenting temporal
change in MAA concentrations, and correlat-
ing these fluctuations with UVR measured
on site, could provide further evidence for
the putative photoprotective role of these
compounds.

MATERIALS AND METHODS
Sample Collection

Samples were collected monthly from the
windward reef flat (<1 m deep) of Coconut
Island, Kane‘ohe Bay, Hawai‘i (21° 25’ N,
157° 45" W), from January 1998 to March
1999. Tidal range at this location is relatively
small (mean range, 0.46 m). One branch was
collected from the top of three different colo-
nies of two species, Porites compressa Dana,
1846, and Montipora capitata (Dana, 1846)
(= Montipora verrucosa (Vaughan, 1907)), on
14 collectdon dates. Colonies were selected
haphazardly; however, the probability that a
single colony was sampled twice is very low,
because the area sampled was approximately
600 m’. Samples were immediately trans-
ported to a —50 °C freezer (in less than 5
min) and stored whole for up to 13 months
until sample collection was complete. All
samples were extracted for HPLC analysis
during the same 2-week period in a random-
ized order.

Solar Radiation Measurements

Irradiance data were obtained from the
weather station at the Hawai‘i Institute of
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Marine Biology. UVR (295-385 nm) was
measured with an Eppley Ultraviolet Radi-
ometer (Eppley Laboratory, Inc., Newport,
Rhode Island) in milliwatts per square centi-
meter (mW cm™2). Measurements were taken
every 2 min and an average value recorded
hourly. Hourly rates were then used to cal-
culate a total dose of UVR for each day in
J ecm™? day ! by integrating the average over
each hour. PAR data were also collected by
the weather station, but intermittent sensor
failure during the collection period pre-
cluded their use in this study. Solar irradiance
measurements were also made with a scan-
ning spectroradiometer (LiCor LI-1800UW,
LiCor, Inc., Lincoln, Nebraska). Spectrora-
diometric scans were obtained for two cloud-
less days, one near the winter solstice (7
January 1998) and one close to the summer
solstice (2 July 1998). These measurements
allowed for the comparison of the quality
of surface irradiance during the winter and
summer.

Sample Preparation

All manipulations were performed in sub-
dued lighting. Each coral was placed in a 50-
ml Falcon tube containing 10 ml of 100%
HPLC-grade methanol and sonicated sur-
rounded by ice water for 6 min (Jeffrey et al.
1997). The extracts were then centrifuged at
4 °C for 2 min at 3,000 RPM on a centrifuge
(IEC Centra MP4R). The supernatant was
decanted and stored at —20 °C. Reextraction
occurred twice, adding the new supernatant
to the appropriate previous supernatant, re-
sulting in a total extraction volume of 30 ml
per coral sample. A 1.2-ml aliquot of the
pooled extract was then transferred to an am-
ber HPLC autosampler vial, flushed with
pure nitrogen gas, and analyzed for photosyn-
thetic pigments within 5 hr of extraction.
A second aliquot of 1.2 ml was transferred
to a microcentrifuge tube and centrifuged
at 7,000 RPM on a centrifuge (Eppendorf
5415C) to eliminate particulate matter. The
aliquot was then transferred to an amber
autosampler vial and stored at —20 °C for

later analysis of MAAs. Pigment and MAA
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concentrations were normalized to surface
area for P. compressa, determined using the
aluminum foil technique (Marsh 1970), and
dry skeletal mass for M. capitata. Dry skeletal
mass was used for M. capitata because the sur-
face area could not be readily measured due
to the rugose nature of the skeleton.

HPLC Analysis of Mycosporine-like Amino Acids

The analysis of MAAs was performed by
slightly modifying the procedures described
in Dunlap and Chalker (1986) and Shick
et al. (1992) on a Shimadzu HPLC system.
MAAs were separated by reverse-phase iso-
cratic HPLC on a Brownlee RP-8 column
(25 cm, 5 pm) protected by an RP-8 guard,
in an aqueous mobile phase of 0.1% acetic
acid and 40% methanol. Detection of peaks
was via UV absorbance at 313 and 340 nm,
and flow rate was 0.8 ml min~"'. Identities of
peaks were confirmed by co-chromatography
with quantitative standards prepared by the
author under the guidance of W. C. Dunlap
(Australia Institute of Marine Science). Peaks
were integrated using EZ-Chrom software,
and quantification of the individual MAAs
was accomplished using the quantitative stan-
dards for calibration.

HPLC Analysis of Photosynthetic Pigments

The analysis of the photosynthetic pigments
was performed using a slightly modified ver-
sion of the procedure described in Goericke
and Repeta (1993). Pigments were separated
by reverse-phase HPLC on a Brownlee RP-8
(25 cm, 5 pum) column protected by an RP-8
guard using a binary gradient solvent system.
Solvents A (MeOH:0.5 N aqueous ammo-
nium acetate, 75:25) and B (MeOH) were
programmed on the following gradient (min-
utes; % solvent A, % solvent B): (0; 100, 0),
(205 0, 100), (25; 0, 100), (33; 100, 0). Detec-
tion was at 440 nm, and the flow rate was
I ml min~'. Purified chl # was purchased
from Aldrich Chemical Company, Milwau-
kee, Wisconsin. Purified standards of chl ¢,
peridinin, and diadinoxanthin were prepared
by the laboratory of R. Bidigare (Department
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of Oceanography, University of Hawai‘l) us-
ing methods cited in Latasa et al. (1996).

Statistical Analysis

The total and individual photosynthetic pig-
ments were regressed on the number of days
from the nearest winter solstice (i.e., dates
were assigned a number from 0 to 182). This
index of solar input was chosen for its gener-
alized nature reflecting the combined effects
of sun angle and day length. In addition to
total and individual pigments, the ratios chl
a:chl ¢;, chl ¢, : peridinin, peridinin: chl 4, dia-
dinoxanthin:chl #, and diadinoxanthin: total
pigments were also examined as a measure of
photoacclimation of the zooxanthellae (e.g.,
Helmuth et al. 1997). The total and individ-
ual MAAs were regressed on the accumulative
amount of UVR measured during the 7 days
before collection date. This time period was
chosen because of results reported in Drollet
et al. (1997), who found a l-week lag in
the correlation between the quantity of UV-
absorbing compounds in coral mucus and
amount of UVB radiation. Other UVR time
periods before collection data were examined
but are not reported here because they ex-
plained less of the variation in MAA concen-
tration than the 1-week time period. If the
assumptions of the regression models were
not met as ascertained by normal probabil-
ity plots and examination of the residuals,
the data were transformed. Nonparametric
Kruskal-Wallis one-way analysis of variance
(ANOVA) was conducted for some variables
to look for differences in means at different
collection dates.

RESULTS
Temporal Trends in Ultraviolet Radiation

Integrated values of UVR in J cm™ day™'
changed over the course of the year, and
day-to-day variation was sometimes as great
as the overall change throughout the period
(Figure 1). The 1-week period before coral
collection date with the highest accumulative
UVR value was from 10 to 16 May 1998, with
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Frcure 1. Daily insolation calculated from hourly averages of ultraviolet radiation (295-385 nm) from December 1997

to March 1999.

a value of 1,093 J cm™. The lowest corre-
sponding 1-week period value of 484 J cm™?
occurred between 11 and 17 December
1998. This winter value is 44% of the maxi-
mum summer value.

The quality of solar irradiance also
changed on a temporal basis. Spectroradio-
metric measurements for two cloudless days,
one near the winter solstice (7 January 1998)
and one close to the summer solstice (2 July
1998), demonstrate that higher-energy wave-
lengths in the UV region attenuated more
with time than did PAR (Table 1, Figure 2).
These values represent the difference in solar
quality between summer and winter under
clear skies only, however, and changes due to

TABLE 1

Surface Irradiance on Two Cloudless Days within 20
Min of Maximum Sun Altitude for Integrated UVB
(300-320 nm), UVA (320-400), UV (300-400 nm), and
PAR (400-700) in W m"2

% of
2 July 7 Jan. Summer

Waveband 1998 1998 Value
UVB 4.02 221 55
UVA 59.54 39.55 66
uv 63.18 41.54 66
PAR 470.95 358.07 76
PAR: UV 7.45 8.62 —
UVA:UVB 14.8 17.9 —




566

2.0 1

= b
= [H]
i L

Spectral Irradiance (W m™)
=
]

PACIFIC SCIENCE - October 2005

senes January T (12:13 PM)

0.0 4 T
300 400

500

600 700

Wavelength (nm)

Freure 2. Spectral irradiance scans taken at the Hawai‘ Institute of Marine Biology on 7 January 1998 and 2 July 1998

within 20 min of maximum solar altitude.

meteorological conditions (i.e., cloud cover)
can be large.

Photosynthetic Pigments

Four main photosynthetic pigments were
found in the tissues of P. compressa and M.
capitata: the porphyrins chl # and chl ¢, and
the carotenoids peridinin and diadinoxanthin.
Very small peaks (less than 2% total peak
area) corresponding to the retention times
for diatoxanthin and f-carotene were ob-
served on the chromatograms, but these com-
pounds were not quantified.

Maximum total pigment concentrations
were found in the months of December and
January for P. compressa and M. capitata, re-
spectively (Figure 3). Regression analysis
revealed a significant inverse relationship

between the concentration of all four photo-
synthetic pigments of both species and the
number of days from the winter solstice (Ta-
ble 2, Figures 4 and 5). Number of days from
winter solstice accounted for approximately
25% of the variation in total photosynthetic
pigment concentration in both species.

In P. compressa, there was a clear positive
relationship between diadinoxanthin:chl «
and diadinoxanthin:total pigments and the
number of days from the solstice (r* = 0.158,
P <0.0092 and r* = 0.331, P < 0.0001, re-
spectively). In M. capitata, the chl a:chl ¢, ra-
tio was significantly inversely correlated with
number of days from the winter solstice (i.e.,
the ratio increased during winter months;
r’ =0.221, P < 0.0017). Ratios among the
other pigments did not exhibit a pattern over
the course of the year.
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Ficure 3. Total mean tissue concentration of photosynthetic pigments in A, Porites compressa and B, Montipora capitata

at each of 14 collecton dates from January 1998 to March 1999 (n = 3).
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TABLE 2

Results of Regression Analysis for Photosynthetic Pigments in the Tissues of Porites compressa and Montipora capitata
on the Number of Days from the Winter Solstice (21 December)

Model R? F df P <

Porites compressa
Total pigments = 43034 — 92.4 (days) 0.248 13.16 41 0.0008
Chlorophyll # = 16340 — 36.4 (days) 0.224 11.51 41 0.0016
Peridinin = 14816 — 30.7 (days) 0.246 13.08 41 0.0008
Diadinoxanthin = 4512.5 — 7.44 (days) 0.171 8.23 41 0.0065
Chlorophyll ¢, = 7365.5 — 17.87 (days) 0.263 14.25 41 0.0005
Diadinoxanthin: Chl 2 = 0.273 4 0.000352 (days) 0.158 7.49 41 0.0092
Diadinoxanthin : total pigments = 0.104 + 0.0000962 (days) 0.331 19.81 41 0.0001

Montipora capitata
Total pigments = 234464 — 512.4 (days) 0.249 13.28 41 0.0008
Chlorophyll 2 = 89525 — 173.6 (days) 0.181 8.81 41 0.0050
Peridinin = 87094 — 201.4 (days) 0.290 16.36 41 0.0002
Diadinoxanthin = 27015 — 56.6 (days) 0.188 9.25 41 0.0041
Chlorophyll ¢, = 30830 — 80.9 (days) 0.288 16.21 41 0.0002
Chl 2:Chl ¢, = 2.8843 + 0.00349 (days) 0.221 11.34 41 0.0017

# Pvalues < 0.1 are in boldface type.

Mycosporine-like Amino Acids

There were three MAAs identified in P. corm-
pressa: mycosporine-glycine, shinorine, and
asterina-330, and five identified in M. capitata:
mycosporine-glycine, shinorine, porphyra-
334, palythine, and palythene. There was
also an unknown peak in the chromatograms
of P. compressa, but the peak area was consis-
tently less than 10% of the total peak area.
Temporal patterns in total MAA concen-
tration were not clear, although springtime
values tended to be highest (Figure 6). The
total amount of UVR measured in the 1-
week time period before collection (UVRI)
was not a good predictor of total MAA con-
centration in either species of coral. Regress-
ing individual MAA concentrations on UVRI
revealed that only shinorine in P. compressa,
and perhaps palythene in M. capitata, exhib-
ited significant positive correlations with
UVR (Table 3, Figures 6 to 8). UVRI ex-
plained 22.8% of the variation in the con-
centration of shinorine (data square root
transformed; P < 0.0014) in P. compressa
and 8.7% of the variation in palythene
(P<0.0574) in M. capitata (Figure 9).
Shinorine concentrations in M. capitata did
display significant differences with collec-

tion date (Kruskal-Wallis one-way ANOVA,
P < 0.050), but power was insufficient to de-
tect specific differences among the means.

Contrary to the patterns observed for the
other MAAs, mycosporine-glycine concen-
trations in P. compressa appeared to decrease
during the summer months of June, July,
and August 1998 (Figure 7A4), but the
monthly means were not significantly differ-
ent from one another (Kruskal-Wallis one-
way ANOVA, P < 0.395). The estimated
slope of the regression line was negative
(Table 3), suggesting an inverse relationship
between mycosporine-glycine concentration
and UVRI; however, the relatdonship was
weak and not significant (r’ =0.07, P <
0.090).

DISCUSSION

In this study, concentrations of photosyn-
thetic pigments and some UVR-absorbing
compounds in the tissues of P. compressa and
M. capitata populations were observed to
change significantly over the course of the
year. Total photosynthetic pigment con-
centrations were at a maximum in winter
months, nearly double the minimum values
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Ficure 4. Porites compressa. Mean tissue concentration of photosynthetic pigments (ug) normalized to surface area
(cm™?) at each of 14 collection dates from January 1998 to March 1999 (z = three different colonies). Four pigments
were identified: 4, chlorophyll #; B, peridinin; C, diadinoxanthin; and D, chlorophyll ¢,. Error bars represent one stan-

dard error.

observed in the summer. On the other hand,
total MAA concentration was not correlated
with accumulative UVR levels measured dur-
ing the 1-week time period before collection.
However, concentrations of shinorine in P.
compressa did exhibit a significant positive re-
lationship with UVR.

Photosynthetic Pigments

The results of this study provide evidence
that the concentrations of photosynthetic pig-
ments in P. compressa and M. capitata tissues
vary over the course of the year, significantly
correlating with seasonal changes in solar
input (number of days from the winter sol-
stice). Pigment levels approximately doubled

in winter months compared with summer
months. In M. capitata, the ratio chl 2:chl ¢,
significantly decreased in the winter, suggest-
ing photoacclimation by the zooxanthellae to
lower light levels by increasing photosyn-
thetic unit size (Iglesias-Prieto and Trench
1997). In P. compressa, the proportion of dia-
dinoxanthin making up the total pigment
pool increased during the summer months.
An increase in the total xanthophyll pool rel-
ative to total pigments was shown to occur
in the coral Goniastrea aspera during a bleach-
ing event in Thailand (Ambarsari et al. 1997).
Also, cultured zooxanthellae from tropical
symbioses become enriched in xantho-
phylls under supersaturating light conditions
(Iglesias-Prieto and Trench 1997). In a free-
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Ficure 5. Montipora capitata. Mean tissue concentration of photosynthetic pigments (ug) normalized to dry skeletal
mass (g) at each of 14 collection dates from January 1998 to March 1999 (z = three different colonies). Four pigments
were identified: A4, chlorophyll #; B, peridinin; C, diadinoxanthin; and D, chlorophyll ¢,. Error bars represent one stan-
dard error.

TABLE 3

Results of Regression Analysis for Mycosporine-like Amino Acids (MAAs) in the Tissues of Porites compressa and
Montipora capitata on the Amount of Ultraviolet Radiation Measured during the 7 Days before Collection (UVRI)

Model R? F df P <
Porites compressa
Total MAAs = 167.7 — 0.000142 (UVR1) 0.000 0.00 41 0.9948
Mycosporine-gly = 66.41 — 0.0213 (UVR1) 0.070 3.02 41 0.0902
Asterina-330 = 99.54 4+ 0.000152 (UVRI1) 0.000 0.00 41 0.9915
/Shinorine = 1.84 4 0.00283 (UVRI) 0.228 11.8 41 0.0014
Montipora capitata
Total MAAs = 2206 4 0.495 (UVRI) 0.029 1.20 41 0.2790
log1y Mycosporine-gly = 2.22 + 0.0000482 (UVRI) 0.008 0.35 41 0.5556
Palythine = 1860 + 0.4286 (UVR1) 0.026 1.05 41 0.3127
Palythene = 102.2 + 0.0470 (UVR1) 0.087 3.83 41 0.0574
/Porphyra-334 = 5.14 + 0.00243 (UVR1) 0.051 2.16 41 0.1499
log;o Shinorine = 1.38 + 0.000193 (UVR1) 0.019 0.78 41 0.3832

# P values < 0.1 are in boldface type.
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like amino acids (MAAs) in A, Porites compressa and B,

Montipora capitata at each of 14 collection dates from January 1998 to March 1999 (n = 3).

Ficure 6. Total mean tissue concentration of mycosporine
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Ficure 7. Porites compressa. Mean tissue concentration of mycosporine-like amino acids (MAAs, nmol) normalized to
surface area (cm™2) at each of 14 collection dates from January 1998 to March 1999 (n = three different colonies).

Three MAAs were identified: 4, mycosporine-glycine; B, asterina-330; and C, shinorine. Error bars represent one

standard error.
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Ficure 8. Montipora capitata. Mean tissue concentration of mycosporine-like amino acids (MAAs, nmol) normalized to
dry skeletal mass (g) at each of 14 collection dates from January 1998 to March 1999 (z = 3). Five MAAs were identi-

fied: A, mycosporine-glycine; B, palythine; C, palythene; D, porphyra-334; and E, shinorine. Error bars represent one

standard error.
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living dinoflagellate, diadinoxanthin is con-
verted to diatoxanthin during periods of high
light and is thought to dissipate excess light
energy via fluorescence quenching (Demers
et al. 1991). The existence of a xanthophyll
cycle in coral-algal symbioses has been con-
firmed for Goniastrea aspera and Fungia
fungites in Phuket, Thailand (Brown et al.
19994) and suggested with strong evidence
in two species of coral in Australia (Heegh-
Guldberg and Jones 1999). Unfortunately I
was not able to quantify diatoxanthin during
the analysis. Regardless, the presence of dia-
dinoxanthin and its proportional increase to
the total pigment pool during the summer
months revealed in this study supports a hy-
pothesized photoprotective function of this
xanthophyll in the zooxanthellae of P. com-
pressa.

The absence of a change in the proportion
of diadinoxanthin to the total pigment pool
in M. capitata in this study is especially inter-
esting in light of research by Iglesias-Prieto
and Trench (1997). One strain of zooxanthel-
lae investigated in their study was isolated
from M. verrucosa (= Montipora capitata in
this study). Unlike the symbionts isolated
from the jellyfish Cassiopeia xamachana and
the zooanthid Zoanthus sociatus, the symbiont
from M. capitara did not show evidence of
being enriched with a xanthophyll in the cul-
tures grown in supersaturating light levels.
They concluded that the three symbioses ex-
emplify different levels of photoacclimative
plasticity, each appropriate to their distribu-
tion in nature, with M. capitata being the
most “shade-loving” species of the three ex-
amined. In the study reported here, P. com-
pressa showed evidence of pigment pool
enrichment by a xanthophyll during high-
irradiance months, which is in accordance
with its dominance on the reef flats in
Kane‘ohe Bay. Although M. capitata is also
common at these shallow depths, it did not
show evidence of xanthophyll enrichment
during the summer months in this study in
agreement with Iglesias-Prieto and Trench
(1997).

Changes in the density of zooxanthellae
populations within coral tissues could also
afford the coral-algal symbiosis some capac-
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ity for acclimation to changes in irradiance.
Stimson (1997) documented an annual cycle
in zooxanthella density within the tissues of
Pocillopora damicornis in Hawai‘i; mean density
of zooxanthellae approximately doubled from
summer to winter. Fagoonee et al. (1999) re-
corded the same phenomenon with 6 yr of
data for the coral Acropora formosa in Mauri-
tius, finding that the densities of algal cells in
autumn/winter were three times those in
summer/spring. Fitt et al. (2000) found zoo-
xanthellae densities following these same pat-
terns in five species of corals in the Bahamas
and also found a wintertime increase in chl #
per zooxanthella. The interpretation of this
pattern has varied. Some researchers interpret
the changes to be seasonal acclimation to
lower levels of PAR (e.g., Stimson 1997),
whereas others interpret the changes as “re-
petitive bleaching” in summer/fall (or dry
season) resulting from high irradiance stress
(Brown et al. 19995, Fitt et al. 2000). In
support of the second interpretation, most
studies have shown that photoacclimation oc-
curring along a depth gradient results from
increases in pigment per zooxanthella and
not an increase in zooxanthellar density (re-
viewed in Stimson 1997). Because zoo-
xanthellae densities were not measured in the
study reported here, I can only comment
on the surface area specific increases in pig-
ment concentration, but higher densities of
zooxanthellae could have been partially re-
sponsible. However, because the relative pro-
portions of photosynthetic pigments making
up the total pigment pool changed in both
species, zooxanthellae were probably photo-
acclimating, possibly by increasing the size
and/or the number of light-harvesting anten-
nae as light availability decreased. Another
notion to consider is whether the coral host
has any influence over symbiont densities;
perhaps the coral compensates for lower rates
of photosynthesis by allowing zooxanthellae
populations to increase, conceivably by con-
trolling access to dissolved inorganic nu-
trients (Rees 1991). In support of this, studies
have shown that zooxanthellae are nutrient
limited in hospit (Stambler et al. 1991,
Muller-Parker et al. 1994). Stimson (1997)
reported on one experiment that showed
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zooxanthellae growth to be N-limited in
winter but not during spring/summer. Fitt
et al. (2000) suggested that the coral-algal
symbiosis is living in suboptimal growth con-
ditions in the summertime (using tissue bio-
mass reduction as evidence) and “fattening
up” in the winter. This interesting debate
needs to be addressed experimentally, but I
believe that my results support the notion
that the coral-algal symbiosis acclimatizes to
lower levels of PAR in the wintertime.

Mycosporine-like Amino Acids

When compared with the well-documented
changes in MAA concentration along a depth
gradient (Dunlap et al. 1986, Banaszak et al.
1998), the annual changes observed in this
study seem small and unconvincing. When
the accompanying changes in solar irradiance
over these temporal/spatial scales are com-
pared, however, the observed stability in
MAA concentraton becomes more under-
standable. Even in clear, oceanic water, irra-
diance is attenuated much more dramatically
with depth than with season at tropical lati-
tudes (Kirk 1994). As shown in the study re-
ported here, the amount of UVR measured
at maximum solar altitude on a cloudless,
winter day was 66% of that on a summer
day. For an attenuation coefficient typical of
coastal reef waters (Kyuyr = 0.315), a 66%
change in UVR occurs by a depth of only
1.2 m. Studies documenting depth gradients
in MAA concentration have typically sampled
from 0 to 30 m wherein the light regime
changes by orders of magnitude (e.g., Banas-
zak et al. 1998). However, as pointed out by
Gleason (2001), coral reef organisms live in a
dynamic UVR environment that can change
on short temporal scales due to shifting con-
ditions in the water column (e.g., changing
turbidity, phytoplankton blooms, etc.). Also,
wavelet focusing of light can cause shallow-
dwelling organisms to experience flashes of
UVR (see fig. 3 in Kuffner 20015). The study
reported here was conducted on a population
of corals living at <1 m depth; it is possible
that threshold levels of MAAs are sustained
year-round in response to the daily exposure
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to UVR being so variable in space and time.
In addition, other factors such as water mo-
tion can have effects on MAA concentrations
found in coral tissues (Jokiel et al. 1997, Kuff-
ner 20014, 2002), and intercolony variation in
MAA concentration can be pronounced, even
in corals from the same habitat and depth
(Hunter 1985, and see fig. 1 in Kuffner 2002).

A study by Drollet et al. (1997) in Tahiti
documented a significant (P < 0.05, r? =
0.31) correlation between in vivo absorbance
(300 to 360 nm) of mucus from 11 Fungia
repanda colonies and UVR over an 80-week
tme interval. They found an even tighter
correlation between the wavelength of maxi-
mum absorbance, which varied through time,
and UVR dose (P < 0.05, r? = 0.42), sug-
gesting that some MAAs are more responsive
to changes in the UVR environment than
others. Results presented here support this
notion and provide evidence that shinorine
is the most responsive MAA in P. compressa.
In an experiment investigating the kinetics of
MAA production and accumulation, Shick
et al. (1999) found that shinorine behaved
differently than the other MAAs. When
Stylophora pistillata colonies were irradiated
with UVR, shinorine reached maximum lev-
els early on in the experiment and then de-
creased with time; the authors hypothesized
that shinorine may be a precursor to other
MAAs (Shick et al. 1999). Similar results con-
gruent with the bioconversion of shinorine
into other MAAs have been shown for a tem-
perate alga, as well (Franklin et al. 1999,
Krabs et al. 2002). Early springtime increases
in shinorine were observed for both species of
coral in the study reported here, adding to
the supportive evidence for this hypothesis.
However, much work remains to be done
to elucidate the induction stimuli and bio-
synthetic pathways for the different MAAs
(Krabs et al. 2004).

Mycosporine-glycine in P. compressa de-
creased in the summer months typically
associated with higher levels of PAR and
longer day length. A similar reduction in
mycosporine-glycine in association with high
light levels was observed by Gleason (1993)
when P. astreoides (green color morph) colo-
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nies were transplanted from 6 to 1 m depth.
Antioxidant activity has been confirmed for
mycosporine-glycine, and it is suggested that
this compound can provide some protection
against photooxidative stress induced by
oxygen radicals in photoautotophic symbiosis
(Dunlap and Yamamoto 1995). The observed
decreasing trend in mycosporine-glycine dur-
ing the summer months of the study reported
here could reflect increased photooxidative
stress associated with high irradiance levels
resulting in the oxidation of mycosporine-
glycine; however, statistically robust support
for this was lacking in this study, highlighting
the need for further investigation.

CONCLUSIONS

The results of this study suggest that the
coral-algal symbioses of M. capitara and P.
compressa adjust photosynthetic and photo-
protective capacity over the course of the
year. Both symbioses approximately doubled
concentrations of photosynthetic pigments
during the winter months. In M. capitata, the
pigment ratio chl #:chl ¢ also increased
during the winter. With regards to photopro-
tection, there was evidence for xanthophyll
enrichment (increase in diadinoxanthin: total
pigment ratio) during spring/summer months
for P. compressa but not for M. capitata. Total
MAA concentration was not well correlated
with UVR exposure in either species, but the
individual MAA shinorine showed a signifi-
cant positive relationship with UVR in the P.
compressa population, and there was a weak
suggestion of a similar pattern for palythene
in M. capitata. These MAAs are relatively
minor components of the total MAA pools
for both species, bringing into question the
biological significance of the correlations to
UVR that they suggest. The populations
studied here were in very shallow water on
the reef flat, where changes in water clarity,
focusing of irradiance by wavelets, and
changes in water depth due to tides all con-
tribute to creating a highly dynamic light
environment. In light of this, the relative sta-
bility in total MAA concentration over the
course of the year is not too surprising.
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