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Abstract

The congeneric species Montastraea faveolata and Montastraea cavernosa are important hermatypic corals on

reefs throughout the Bahamas, Caribbean, and the Florida reef tract that have overlapping bathymetric distributions.
However, these congeners differ in their respective abundance at similar depths. The underlying mechanism for
these patterns may partly be because of their relative dependence on photoautotrophy versus heterotrophy. The
dependence of these two corals on photoautotrophy was examined quantifying the optical properties and productivity
of these two species of corals at two different depths in the Dry Tortugas. Maximum surface irradiances in the Dry
Tortugas during this study varied from 1,900 to 2,100 umol quanta m-2 s . Spectral attenuation coefficients
calculated from the 1995 and 1996 irradiance data differed by as little as 10% within the visible wavelengths
(photosynthetically active radiation [PAR], 400—700 nm), suggesting year-to-year similarities in the optical prop-
erties of the overlying water column. Underwater irradiances of PAR were ~400 umol quanta m=2 st and 25
umol quanta m=2 st at 10 m and 18 m, respectively. Significantly lower rates of maximum photosynthesis were
observed for samples of M. cavernosa compared with M. faveolata at 10 m and 18 m. For samples of M. faveolata
from both depths, the mean chlorophyll-specific absorption (a*) across all PAR wavelengths was greater than that
of M. cavernosa. When spectrally corrected for the underwater light field and used to calculate the minimum
guantum requirements (1/¢,,) of these corals at each depth, we observed that M. faveolata always had higher 1/¢,,
than M. cavernosa (50 versus 18 quanta O, * and 39 versus 15 quanta O, * at 10 m and 18 m, respectively). M.
cavernosa, with its greater pigment concentrations and lower a*, exhibits a significant package effect that results
in a smaller functional optical cross section and lower maximum photosynthetic capacities, whereas M. faveolata
at the same depths, despite the greater minimum quantum requirements, has a larger functional optical cross section
and enhanced absorption of available visible radiation, resulting in a greater maximum photosynthetic capacity.
Based on polyp size, cordlite structure, and surface area considerations, M. faveolata appears to depend on pho-
toautotrophy versus heterotrophy to a greater extent than its congener, M. cavernosa. Recent data suggest, however,
that polyp size alone may not be a good indicator for differences in trophic strategies and that coordinated studies

on feeding and productivity in corals are needed to better understand their ecological distributions.

The light environment is an important component of the
productivity, physiology, and ecology of corals (Dustan
1982; Dubinsky et al. 1984; Porter et al. 1984; Falkowski et
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al. 1990) that restricts the distribution of most species of
coral to depths of 60 m or less. Although heterotrophy plays
an important role in the feeding biology of many species of
coral, the principal input of carbon comes from autotrophic
processes with the closest coupling for the translocation of
carbon-rich photosynthate between their dinoflagellate sym-
bionts (= zooxanthellae) and host tissues (Muscatine 1990).

The underwater light field is modified by the angle of
incident light, the absorption and scattering of light by dis-
solved and particulate materials in the water, and by the wa-
ter itself (Kirk 1994). Additionally, incident irradiance is not
attenuated uniformly across all wavelengths and corals in
shallow waters are exposed to wave-focused light, so-called
flashes or sunflecks, which can exceed 4,000 wmol quanta
m-2 st (Falkowski et a. 1990). After the effects of the
overlying water column are accounted for, the incident ir-
radiance that zooxanthellae are exposed to is further modi-
fied by the host tissues and carbonate skeleton (Kihl et al.
1995). Changes in the underwater light field, variations in
polyp size and corallite architecture, the bathymetric distri-



Coral light absorption 77

bution of corals, and their sessile lifestyle make them ideal
systems for studying optical properties and productivity of
the symbiosis as they relate to changes in spectral quantity
and quality.

Productivity studies on Montastrea annularis, prior to the
proposed recognition of sibling species within the genus
(Knowlton et al. 1992), have shown a decline in chlorophyll-
specific productivity that is highly correlated with the ex-
ponential decline of photosynthetically active radiation
(PAR; Battey and Porter 1988). Despite this demonstrated
decrease of productivity in corals with depth and therefore
irradiance (Wethy and Porter 1976; Falkowski and Dubinsky
1981), there are few published studies that have examined
the photoacclimatization strategies, productivity, and optical
properties of corals as they change with either depth or be-
tween species (Dunstan 1982; Dubinsky et a. 1984; Wyman
et al. 1987). However, there have been studies on the effect
of spectral composition (visible) on photosynthesis (Kinzie
et al. 1984; Kinzie and Hunter 1987) that have shown that
corals do not exhibit complementary chromatic adaptation;
they photoacclimate principaly in response to changes in
total irradiance.

Evidence for photoacclimatization to changes in visible
radiation is well known. First, and most important in respect
to the optical properties of corals, is the inverse relationship
between the concentration of photosynthetic pigments con-
tained within the zooxanthellae and total irradiance (Fal-
kowski and Dubinski 1981). This light—shade acclimation is
now known to reflect changes in the size and number of
photosynthetic units (PSUs) resulting principally in an in-
crease in the amount of chlorophyll (Chl) a cell~* and per
unit area. Changes in the photosynthetic apparatus with total
irradiance does effect the shape of the photosynthesis-irra-
diance (P-l) curve. When maximum productivity (P,.) IS
normalized to chlorophyll or surface area, it usually exhibits
a direct relationship with irradiance increasing to some as-
ymptotic value once the photosynthetic apparatus is saturat-
ed with light, and rarely exhibits photoinhibition of photo-
synthesis, as commonly observed in phytoplankton
(Falkowski et al. 1990). On theoretical grounds, Chang et al.
(1983) used pigment ratios and photosynthetic responses to
characterize changes in PSUs and the photoacclimation strat-
egies of zooxanthellae in culture from three cnidarian hosts.
Subsequently, Lesser and Shick (1989) used the methods
described in Chang et al. (1983) to describe a mixed pho-
toacclimatory response (changes in both the size and number
of PSUs) for the cultured zooxanthellae of the sea anemone
Aiptasia pallida. More recently, direct measurements of PSU
size and number by Iglesias-Prieto and Trench (1994)
showed that the photoacclimatory response of cultured zo-
oxanthellae involves changes in both PSU size and numbers,
that these changes are species specific, and that they reflect
the ecological distribution of their respective hosts.

Another approach to understanding the photoacclimatiza-
tion processes and changes in coral productivity is to quan-
tify the optical properties of the coral with an attempt to
obtain optical closure, that is, assessing which photons are
absorbed, reflected, or re-emitted as fluorescence. This ap-
proach is not necessarily new; both Dubinsky et al. (1984)
and Wyman et al. (1987) examined the chlorophyll-specific

absorption coefficients and quantum yields for photosynthe-
sis of coras from the Red Sea and the Caribbean. Their
interpretation of these parameters suggested that differences
in the efficiency of light utilization are correlated with the
growth rates and bathymetric distribution of the corals ex-
amined. Our aim here is to gain an understanding of the
variation in optical properties of corals (e.g., pigment con-
centrations, absorption spectra, and fluorescence emission
spectra), with changes in the quantity and quality of the un-
derwater light field (i.e., with depth). Changes in optical
properties as a component of the photoacclimatization re-
sponse are directly linked to differences in photosynthetic
performance observed between coral species and also within
a species of coral as a function of its physical environment.
The objectives of this study are to elucidate differences in
the optical properties of two ecologically important conge-
neric species of hermatypic coral in the Caribbean, Montas-
traea faveolata and Montastraea cavernosa, with respect to
absorption spectra, pigment concentration, chlorophyll fluo-
rescence, and productivity under varying in situ light re-
gimes.

Materials and methods

Research sites—Two sites within the Dry Tortugas Na-
tional Park were selected for study: a 10-m site consisting
of a fringing reef with spur and groove formation on Long
Key (24°37.4'N, 82°51.6'W) was used during the summer
of 1995 (20 August—28 August) and an 18-m site consisting
of a sandy bottom with isolated patch reefs adjacent to Log-
gerhead Key (24°38.5'N, 82°56.0'W) was used during the
summer of 1996 (7 July—16 July). A detailed description of
the area can be found in Jaap et al. (1989); quantitative pho-
tographic quadrats of these sites indicate no substantial dif-
ference in the percentage of cover of hermatypic corals and
other functional groups since that earlier study (Lesser un-
publ. data). All experimental sites were accessed by SCUBA
diving.

Underwater light field—Visible and ultraviolet (UV) ra-
diation (300—700 nm) were measured over severa days dur-
ing August 1995 at 10 m and July 1996 at 18 m, as well as
simultaneous measurements of surface irradiance using a
LiCor LI-1800UW scanning spectroradiometer calibrated
with National Institute of Standards and Technology (NIST)
traceable standards. At each deployment depth, hourly read-
ings of three scans were taken and the mean reported in units
of W m~2 nm-*. The cosine-corrected collector and sensors
were programmed to scan from 300—700 nm in 2-nm inter-
vals. The sensor has a 50% detection range of =2 nm on
either side of the wavelength measured and minimum exci-
tation energies on the order of 10-8 W cm~2 nm~2. Despite
the 8-nm bandwidth of this instrument, which tends to
smooth sharp peaks, comparison testing has shown very
good agreement with radiative transfer models and other
commercial underwater instruments for measurements in the
visible and UV radiation portion of the spectrum (Kirk et al.
1994; Lesser unpubl. data). Vertical attenuation coefficients
(Kg m-1) for both visible and UV radiation were calculated
as described by Kirk (1994).
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Primary productivity (photosynthesis versus irradiance
and respiration)—Colonies (n = 6) of M. faveolata and M.
cavernosa were collected at their depth of occurrence (10 m
and 18 m), cleaned of all epibionts, and alowed to heal for
48 h. These samples were then placed in a self-contained,
multichambered, underwater respirometer at the depth of
collection for 24—-36 h to obtain oxygen flux and underwater
irradiance data. Briefly, the chambers were approximately 15
cm in diameter and 20 cm tall, with a volume of 3.7 liters.
The chambers and lids were made of UV-transparent Plexi-
glas (100% cutoff at 295 nm). All chambers were constantly
gtirred using hydraulically driven magnetic stirrers and
flushed at 60-min intervals to prevent supersaturation of the
seawater with oxygen during the day. Changes in oxygen
concentration were measured using calibrated Cameron In-
struments E101 polarographic electrodes. The oxygen elec-
trode polarization and the pump and solenoid controls were
provided on a custom-designed printed circuit (Pamunkey
Engineering Associates) in an lkelite U/W housing. Data
were collected and stored using a LiCor 1000 datalogger,
also located in the Ikelite U/W housing, then downloaded to
a computer as a text file and converted to oxygen concen-
trations and fluxes. The oxygen flux within each chamber
was corrected for the volume displacement of each individ-
ual coral. The incident PAR (400-700 nm) was recorded
using an underwater cosine-corrected sensor (LiCor LI-
192SA) simultaneously with the oxygen flux data. Temper-
atures at each depth were measured by thermistor strings
(HOBO recording temperature thermistors; Onset Corpora-
tion). Photosynthesis and respiration were normalized to col-
ony surface area determined immediately after removal from
the respirometer using the aluminum foil technique (Marsh
1970). The oxygen flux data (net photosynthesis) was then
modeled and described as a P-I curve. Initial plots of the
normalized data showed no photoinhibition of photosynthe-
sis at irradiances greater than saturation as commonly ob-
served in phytoplankton. Consequently, the hyperbolic tan-
gent P-I model [P, = Ptanh(al/P)] of Jassby and Platt
(1976), where P,(umol O, cm~2 h=?) isthe instantaneous rate
of photosynthesis normalized to surface area at irradiance i;
P, (umol O, cm=2 h-%) is the maximum rate of photosyn-
thesis; and « (umol O, cm=2 h=* (umol quanta m=2 st)-1) is
the initial slope of the P-1 curve, was used to nonlinearly fit
the oxygen flux data normalized to surface area and derive
the maximum photosynthetic capacity, P, (uwmol O, cm—2
h-1), for each coral. The photosynthetic parameters were sta-
tistically compared using an unpaired Student’s t-test with
species as the factor at a significance level of 5%. Addition-
aly, cora plugs (1.8-1.95 cm~2) were analyzed for Chl a.
Each plug (n = 3) was placed overnight in 90% acetone at
4°C, and subsequently the absorbance was measured against
acetone blanks at 630 nm and 663 nm. The trichromatic
equations of Jeffrey and Humphrey (1975) were then used
to calculate the concentrations of Chl a.

Mycosporine-like amino acids—For all coral samples, the
extraction and analysis of UV radiation—absorbing com-
pounds, or mycosporinelike amino acids (MAAS), were per-
formed according to the procedures of Dunlap et al. (1986)
as modified by Shick et al. (1992). For analysis by high-

performance liquid chromatography (HPLC), cora plugs
(1.8-1.95 cm—?) from each species (n = 6) were cleaned of
epiphytes, broken into small pieces, and extracted overnight
in 5 ml of 100% HPLC-grade methanol at 4°C. The extracts
were centrifuged and the supernatant used for MAA and
protein analyses. Individua MAAs were separated by re-
verse-phase isocratic HPLC on a Brownlee RP-8 column
(Spheri-5, 4.6 mm inner diameter X 250 mm) that was pro-
tected with an RP-8 guard column (Spheri-5, 4.6 mm inner
diameter X 30 mm). The mobile phase consisted of 40 to
55% methanol (v:v) and 0.1% glacial acetic acid (v:Vv) in
water and run at a flow rate of 0.6 ml min-*. Detection of
MAA peaks was by UV absorbance at 313 and 340 nm.
Standards were available for seven MAAs (mycosporine—
glycine, shinorine, porphyra-334, palythine, asterina-330,
palythinol, and palythene). Identities of peaks were con-
firmed by cochromatography with standards and the ratios
of 313-340-nm absorbances. Peaks were integrated and
quantification of individual MAAs was accomplished using
HPL C peak areas and calibration factors determined by anal-
ysis of the standards listed above. All MAAs were normal-
ized to soluble protein from an aliquot of the methanol-ex-
tracted sample; concentrations are expressed in ug MAA mg
protein-t. Protein measurements were determined using the
procedure of Bradford (1976). The MAA concentrations be-
tween species at the same depth were compared using an
unpaired one-tailed Student’s t-test at a significance level of
5%.

Photosynthetic pigments—Extraction and quantification of
zooxanthellae photosynthetic pigments were conducted as
described by Wright et al. (1991). Cora plugs (n = 3) were
collected from colonies of M. faveolata and M. cavernosa
at 10- and 18-m depths, respectively. These plugs were ex-
tracted in 10 ml 100% acetone and aliquots centrifuged
(1,000 X @), diluted to 66% acetone with distilled water, and
150 wl injected. Pigments were separated using a gradient
system of 80:20 methanol : ammonium acetate, 90: 10 ace-
tonitrile: water, and ethyl acetate with a Spheri-ODS, 25 cm
X 4.6 mm—inner diameter, 5-um particle size column at a
flow rate of 1.0 ml min—* with detection at 436 nm, as de-
scribed by Wright et al. (1991). Authentic standards were
obtained from Sigma (Chl a, B-carotene) and VKI Water
Quality Institute (Chl c,, peridinin, diadinoxanthin, diatox-
anthin) as described by the SCOR Carotenoid Workshop
(Wright et a. 1991). Peaks were integrated, and quantifica-
tion of individual pigments was accomplished using HPLC
peak areas and calibration factors determined by analysis of
the standards listed above. Concentrations are expressed in
ng cm-2,

Fluorescence measurements—A diver-operated spectro-
fluorometer (Mazel 1997) was used during the 1995 field
season to measure fluorescence emission spectrain situ. The
unit contained a model S1000 spectrometer (Ocean Optics
Inc.) controlled by a Tattletale model 7 data logger (Onset
Computer Inc.). Light reached the spectrometer via a 600-
um-diameter fiber optic cable and a 100-um entrance dlit,
resulting in a nominal 10-nm spectral resolution. The spec-
trometer was fitted with a grating/detection combination that
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recorded 1,024 spectral bins covering the wavelength range
ca. 250-750 nm. Fluorescence excitation energy was pro-
vided by a 50-W halogen lamp. The lamp output was fo-
cused through one of four user-selectable filters onto the end
of a3-mm-diameter liquid light guide. The probe head holds
the excitation and receiving fibers at a 45-degree angle and
excludes ambient light. Data were saved to a hard disk for
shipboard download via an infrared optical link. Where the
data were excessively noisy, a simplified least-squares
smoothing algorithm was utilized (Savitzky et a. 1964; Stei-
nier et al. 1972).

During the 1996 field season, fluorescence emission spec-
tra were obtained using a SPEX FluoroMax-2 fluorescence
spectrofluorometer with a fiber optic probe. Emission spectra
(n = 6) for each species of coral were collected from 460
nm to 750 nm using an excitation wavelength of 450 nm.

During both the 1995 and 1996 field seasons, shipboard
measurements of excitation/emission fluorescence spectra on
isolated zooxanthellae were made on each species of coral.
These spectra are useful for identifying the dominant pig-
ment groups within natural samples. In 1995 and 1996, mea-
surements were made on freshly isolated zooxanthellae gent-
ly vacuumed onto GF/F filter pads (n = 3) as described
below. The excitation and emission spectra were obtained
using the techniques described by Yentsch and Yentsch
(1979) with a spectrofluorometer consisting of two double-
beam monochromators, a xenon light source, and a red-sen-
sitive photomultiplier. The output from the photomultiplier
is fed to a recorder with excitation spectra measured at 680
nm and emission spectra measured at 470 and 530 nm.

Light absorption and utilization by corals—The chloro-
phyl-specific spectrally corrected absorption coefficient was
determined by filtering volumes (n = 3 for each species) of
coral homogenate, obtained by air-brushing the host tissue
and zooxanthellae free from the coral skeleton using filtered
(0.45 um) seawater, onto GF/F (4.5 cm) filters. Thesefiltered
volumes had chlorophyll concentrations approximating the
in situ areal chlorophyll concentrations of the corals. Optical
density was measured using a dual-beam spectrophotometer
(290—700 nm) against seawater-wetted GF/F filters. Spectra
were measured on the filter before and after a hot methanol
extraction to remove chlorophylls and carotenoids (Kishino
et al. 1985) and to estimate the absorption from nonalgal
material. The spectral absorption coefficient was cal culated
from the optical density spectra using the following equa-
tion:

a(\) = 2.303 OD(A)/L X 100
L = VIAX B,

where 2.303 is a transform from log,, to log,, OD(A) is the
baseline-corrected optical density for each wavelength, L is
the optical path length, 100 is the conversion from centi-
meters to meters, V is the volume of filtered sample in mil-
liliters, A is the effective area of the filter in square centi-
meters, and B is the path length amplification factor
associated with the multiple scattering by the filter pad (Bri-
caud and Stramski 1990). A B value of 2 was chosen for all
calculations based on the work by Bricaud and Stramski

(1990) that described amplification factors as being largely
invariant at high optical densities (>0.2). The measurement
of optical densities on a filter pad with high pigment con-
centrations and significant scattering more likely approaches
the in hospite conditions of zooxanthellae. There is no at-
tempt here to use amplification factors that better represent
a dilute suspensions of cells. The spectral absorption coef-
ficient was then divided through by the chlorophyll concen-
tration on the filter pad, which was calculated after the filter
pads were placed overnight in 90% acetone at 4°C, and the
absorbance measured against acetone blanks at 630 nm and
663 nm. The trichromatic equations of Jeffrey and Hum-
phrey (1975) were then used to calculate the concentrations
of Chl a to obtain a spectral chlorophyll-specific absorption
coefficient. This spectral chlorophyll-specific absorption co-
efficient was then multiplied by the underwater spectrum
from midday at the depth of collection for that sample. This
provided a spectrally corrected chlorophyll-specific absorp-
tion coefficient (a*’). Using the mean a*’ (400—700 nm),
together with the productivity measurements and areal chlo-
rophyll values, the maximum quantum yield (¢,, O, per
quantum) and the minimum quantum requirements (1/¢,,,
quanta O,~*) for photosynthesis were then calculated as de-
scribed in Wyman et a. (1987).

Results

Daily measurements of visible and UV radiation on Long
Key in 1995 and Loggerhead Key in 1996 showed little var-
iability during the experimental period. Figure 1la shows a
typical measurement of surface and 10-m spectral scans
from 300 to 700 nm on Long Key on a cloudless day on 21
August 1995 at midday (~1300 h). The maximum surface
PAR irradiance (integrated from 400 to 700 nm) on that day
was 1,972 umol quanta m-2 s-*, while the maximum PAR
irradiance at 10 m was 407 umol quanta m—2 s-*. Both the
irradiance data and spectral attenuation coefficients at mid-
day varied by less than 10% during the experimental period,
suggesting that the optical properties of the water column
changed very little during this time. Figure 1b shows a typ-
ical measurement of surface and 18-m spectral scans from
300 to 700 nm on Loggerhead on a cloudless day during
July 1996 at midday. The maximum surface PAR irradiance
on that day was 2,072 umol quanta m-2 s, while the max-
imum PAR irradiance at 18 m was 25 umol quantam-—2s-1,
Again, as in 1995, the irradiance and spectral attenuation
coefficients at midday varied by less than 10% during the
experimental period. The spectral attenuation coefficients in
1995 and 1996 are remarkably similar (Fig. 1a,b). Addition-
aly, for both years, the higher attenuation of the underwater
light field in the short- and long-wavelength portions of the
spectrum is a consistent feature typical of coastal (Case Il)
waters. For comparison, the attenuation coefficient [K,
(m~1)] for the UVB (290-320 nm) portion of the spectrum
for Long Key in 1995 (0.49 at 320 nm) and Loggerhead Key
in 1996 (0.34 at 320 nm) is less than observed in Kaneohe
Bay, Hawaii, a tropical estuary—a [K, (m~%)] of 1.0 at 320
nm—and more than Moku Manu, an offshore Hawaiian reef,
which had a [K, (m~%)] of 0.20 at 320 (Shick et al. 1996).
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Fig. 1. (a) Surface (solid line) and 10-m (dashed line) spectral
data (300—700 nm) recorded on Long Key, Dry Tortugas, August
1995 (~1300 h). Calculated spectral attenuation coefficients [K,
(m~1)] using the surface and 10-m data (dark solid line). (b) Surface
and 18-m spectral data (300—700 nm) recorded on Loggerhead Key,
Dry Tortugas, July 1996 (~1300 h). Calculated spectral attenuation
coefficients [Ky (m~%)] using the surface and 18-m data (dark solid
ling).

Continuous measurements of temperature at discrete
depths at the 10-m site in 1995 showed that temperatures at
depths below 3 m ranged from ~29.5°C to ~30.5°C, with
surface (~1.5 m) temperatures being higher (~30.0°C to
>32.0°C), reflecting the greater heat transfer at the surface
during the day and night (Fig. 2a). Temperatures at the 18-
m site in 1996 for al depths ranged from ~28.5°C to
~29.8°C (Fig. 2b).

In both 1995 and 1996, there were consistent differences
in the calculated photosynthesis-rradiance parameters be-
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Fig. 2. (a) Representative in situ fluorescence emission spectra

for the corals M. faveolata and M. cavernosa on Long Key at a
depth of 10 m in August 1995. (b) Representative fluorescence
emission (SPEX Fluoromax) spectra for the corals M. faveolata and
M. cavernosa on Loggerhead Key at a depth of 18 min July 1996.

tween M. faveolata and M. cavernosa at each depth (Table
1), with M. faveolata exhibiting significantly higher rates of
photosynthesis, a requirement for higher photon fluxes to
saturate the photosynthetic apparatus as suggested by the
significantly lower « value or light-limited portion of the P-
| curve, and lower rates of respiration when compared with
M. cavernosa. In 1995, P, (Student’s t-test, P < 0.0001, n

Table 1. Summary of calculated area-specific photosynthesis-irradiance parameters for Montastraea faveolata and M. cavernosa from
Long Key (10-m depth) in 1995 and Loggerhead Key (18-m depth) in 1996.

Species Depth (m) P.. = SD* a = SDT R + SD*
M. faveolata 10 1.923 = 0.044 0.007 = 0.0003 —0.021 = 0.19
M. cavernosa 10 1.089 = 0.042 0.032 = 0.004 —0.105 = 0.40
M. faveolata 18 1.827 + 0.042 0.006 * 0.0002 —0.021 = 0.017
M. cavernosa 18 0.925 + 0.035 0.027 = 0.003 —0.090 = 0.034

* Measured in umol O, cm=2 h™.
T Measured umol O, cm~=2 h=* (umol quanta m-2 s71)~.
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Table 2. Concentration (mean + SD, nmole mg-* protein) of individual mycosporine-like amino acids (MAAS) in the corals Montastraea
faveolata and M. cavernosa on Long Key at 10 m in August 1995 and concentration (mean = SD, nmole mg~! protein) of individual
mycosporine-like amino acids (MAAS) in the same corals on Loggerhead Key at 18 m in July 1996.

Species Mycosporine-glycine Shinorine Porphyra-334 Palythine Asterina-330 Palythene
10-m depth
M. faveolata 1,399 + 1,791 151 + 341 219 + 453 638 + 1,259 264 + 640 24 + 49
M. cavernosa 1,292 = 1,302 125 = 165 940 = 1,011 248 + 288 228 + 181 401 = 938
18-m depth
M. faveolata 207 = 1,791 137 = 21 283 + 27 0x0 0x0 355 + 54
M. cavernosa 108 + 57 68 = 5 696 = 89 53+ 5 0x0 726 = 135

= 6), a (Student’s t-test, P = 0.0003, n = 6), and respiration
(Student’s t-test, P = 0.029, n = 6) were al significantly
different between the two species at 10 m, whereas in 1996,
P... (Student’s t-test, P < 0.0001, n = 6), « (Student’s t-
test, P = 0.0003, n = 6), and respiration (Student’s t-test, P
= 0.034, n = 6) were also al significantly different between
the two species at 18 m.

In both M. faveolata and M. cavernosa, six MAAS were
quantified (Table 2). No significant differences (unpaired
one-tailed Student’s t-test, P > 0.05, n = 6) were detected
between these two species at 10 m in 1995. Both species at
10 m had very high and highly variable individua and total
concentrations of MAAs compared with their conspecifics at
18 m. Only five MAAs were detected in M. cavernosa and
four in M. faveolata at 18 m. Significant differences (un-
paired one-tailed Student’s t-test, P < 0.05, n = 6) were
observed for al MAAs, when present in both species of
coral, between species at 18 m, with M. cavernosa having
higher concentrations in three of five detected MAAs. Ad-
ditionally, M. cavernosa had a significantly higher total con-
centration of MAAs (P = 0.003).

In both 1995 and 1996, six photosynthetic pigments were
observed and quantified. They were Chl a, Chl c,, peridinin,
diadinoxanthin (DD), diatoxanthin (DT), and B-carotene (Ta-
ble 3). In 1995, samples of M. faveolata and M. cavernosa
at 10 m exhibited significant differences (unpaired one-tailed
Student’s t-test, P < 0.05, n = 3; ratios were log transformed
for analysis and back transformed for reporting) between
species for al pigments, with M. cavernosa always having
higher concentrations of each pigment, with the exception
of B-carotene, in which no significant differences were ob-
served. No significant differences were detected for Chl a
or Chl ¢, and DD : DT ratios. For total DD+DT, however,
significantly higher concentrations of these xanthophylls was
observed in M. cavernosa. In 1996, the concentrations of all
light-harvesting pigments (Chl a, Chl c,, and peridinin) were
greater in corals harvested from 18 m than those harvested
from 10 m. Significant differences in these photosynthetic
pigments and the Chl a:Chl c, ratios (unpaired one-tailed
Student’s t-test, P < 0.05, n = 3) between species at 18 m
was only observed for peridinin, with M. cavernosa having
higher concentrations. Pigments involved in photoprotec-
tion—diadinoxanthin, diatoxanthin, and B-carotene—exhib-
ited lower concentrations in corals from 18 m than conspe-
cifics from corals from 10 m. Significant differencesin these
photoprotective pigments between species from 18 m was

observed for DD : DT ratios and B-carotene (unpaired one-
tailled Student’s t-test, P < 0.05, n = 3).

In situ fluorescence emission spectra (excitation at 440
nm) were measured on M. faveolata and M. cavernosa.
Three principal emission peaks dominate the emission spec-
trum (Fig. 2a), one that occurs at approximately 486 nm and
another within the range 510-520 nm. These first two peaks
are believed to be from host-associated chromophores (Ma-
zel 1995). The last peak at 685 nm is associated with zoo-
xanthellae photosystem 11 (PSII) fluorescence (Fig. 2a). The
685-nm peak is variable from one coral to another and within
species, but the mean relative fluorescence at 685 nm was
generaly greater in M. cavernosa (595 + 381 nm, n= 13)
than in M. faveolata (468 = 152 nm, n = 9) but not statis-
tically different (unpaired one-tailed Student’s t-test, P >
0.05, n = 6). Because of equipment problems in 1996, no
usable data from the Benthic SpectroFluorometer were avail-
able. In 1996, we collected samples and returned them to
the laboratory to obtain emission spectra (excitation at 450
nm) using the SPEX spectrofluorometer (Fig. 2b). We ob-
served the same three principal peaks in emission spectra
from coras from 18 m that we observed in corals from 10
m (Fig. 2b). The 685 peak is less variable from one coral to
another and within species in 1996 at 18 m, but the mean
relative fluorescence at 685 nm is still greater in M. caver-
nosa, athough not statistically different from M. faveolata
(unpaired one-tailed Student’s t-test, P = 0.07, n = 5).

In both 1995 (Fig. 3a,b) and 1996 (Fig. 3c,d), the average
(n = 3) excitation and emission spectra for the isolated zo-
oxanthellae of M. faveolata and M. cavernosa exhibits atyp-
ical pattern commonly observed for dinoflagellates. The ex-
citation spectra shows wavelengths of peak excitation,
measured as 680 nm emission, in the 440—450-nm range,
indicative of Chl a excitation, and the 520-530 nm range,
indicative of peridinin excitation and transfer of energy to
PSII, resulting in higher, 685-nm emission. The interpreta-
tion of these excitation spectra are further supported by the
emission spectra when excited at 470 nm and 530 nm, which
showed an emission peak at 680—685 nm.

The chlorophyll-specific absorption for M. faveolata and
M. cavernosa at 10 m was double the values of corals from
18 m, with M. faveolata having higher absorption values
across the spectrum at both 10 m and 18 m (Fig. 4a,b). The
mean a* value for M. faveolata and M. cavernosa from 400—
700 nm at 10 m was 0.0193 and 0.0175 m=2 mg Chl a2,
respectively. At 18 m, the respective mean a* values were
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Fig. 4. (a) Chlorophyll-specific spectral absorption spectra

(400-700 nm) for the isolated zooxanthellae from the coras M.
faveolata and M. cavernosa on Long Key at a depth of 10 m in
August 1995. (b) Chlorophyll-specific spectral absorption spectra
(400-700 nm) for the isolated zooxanthellae from the coras M.
faveolata and M. cavernosa from Loggerhead Key at a depth of 18
m in July 1996.

0.0055 and 0.0034 m~2 mg Chl a-*. Nonalgal, or detritus,
contributions to the optical density measurements were not
detected after hot methanol extraction. When these absorp-
tion spectra are spectrally corrected (a*') for the spectral
irradiance at 10-m and 18-m depths, the mean values from
400 nm to 700 nm for M. faveolata and M. cavernosa from
10 m are 0.0393 and 0.0356 m—2 mg Chl a-*; for those from
18-m depths, they are 0.0109 and 0.0068 m—2 mg Chl a*.
The mean a*’ values and the mean « values from the
calculated P-I parameters for each species at each depth were
then used to calculate the maximum quantum yield (¢,,) and
the minimum quantum requirements (1/¢,,) for photosynthe-
sis using the following formula from Wyman et al. (1987):

¢ = alar’ = 1U(Ud,)

The 1/¢,, for photosynthesis in M. faveolata and M. caver-
nosa from 10 m were 50 (¢,, = 0.0198 O, per quantum) and
18 (¢,, = 0.0552 O, per quantum) quanta O, %, respectively,

and for these species of coral at 18 m, the 1/¢,, value for
photosynthesis was 39 (¢,, = 0.0255 O, per quantum) and
15 (¢,, = 0.0676 O, per quantum) quanta O, %, respectively.

Discussion

For these congeneric species of coral, at the same depth
of occurrence, there are significant differences in severa
measured and calculated parameters directly related to light
absorption and utilization. Differences between depths are
also readily apparent. Why do congeneric species, with a
bathymetric distribution that overlaps from 1 to 60 m, ex-
hibit significant differences in their respective optical prop-
erties and photosynthetic capacities at the same depth of oc-
currence? Additionally, although their bathymetric
distribution is similar, their abundance over that range in the
Dry Tortugas is significantly different (Jaap et al. 1989). The
Jaap et al. (1989) study showed that Montastrea annularis,
based on previous taxonomy where all sibling species of the
Montastraea complex (Knowlton et a. 1992, 1997) were
grouped as M. annularis, had a greater abundance than M.
cavernosa in al transect surveys from 1 to >15 m in depth,
a pattern also observed in other parts of the Caribbean (Ed-
munds et al. 1990). Even when only M. faveolata is consid-
ered, the abundance differences are significant, with M. fav-
eolata more abundant than M. cavernosa at 10 m and 18 m
in the Dry Tortugas (Lesser unpubl. data). What is the role
of optics in the ecology of these corals?

The differences in optical properties and photosynthetic
capacities could be the result of different species of zooxan-
thellae within these coral hosts. It is now recognized that
different genotypes of zooxanthellae within corals show a
distinct ecological zonation with depth (Rowan and Knowl-
ton 1995). The zooxanthellae within the congenerics used in
this study from both depths have al been identified as be-
longing to clade C (Rowan and Powers 1991; Rowan and
Knowlton 1995) by restriction fragment length polymor-
phisms of 24s rDNA (Lesser unpubl. data). Within-clade dif-
ferences could dtill be large enough to warrant species-level
assignment for these zooxanthellae (Rowan pers. comm.)
and therefore does not eliminate the possibility that species
differences contributed to the observed differences in optical
properties and photosynthetic capacities.

Based on biophysical models, the relationship between
photosynthesis and PSII fluorescence at 685 nm is ideadly
inverse. This, however, is rarely the case because of the con-
trol of fluorescence yields by two processes, photochemical
and nonphotochemical quenching (Falkowski and Kolber
1993). Many physiological processes and recent light history
contribute to changes in fluorescence yield through photo-
chemical and nonphotochemical quenching. In this study, M.
cavernosa exhibited higher mean PSII fluorescence yields
than M. faveolata, athough the differences were not statis-
tically different, and lower rates of photosynthesis that are
consistent with the biophysical model at a depth of 10 m.

Are there differences in pigments that may have contrib-
uted to the differences in optical properties and photosyn-
thetic capacities? The UV-absorbing compounds, or MAAS,
in M. faveolata and M. cavernosa at 10 m were not signif-
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icantly different from one another, although significant dif-
ferences between the two species were observed at 18 m,
with M. cavernosa having significantly more total MAAs.
Differences between depths were observed and probably re-
flect the attenuation of UV radiation that contributes to
changes in MAA concentration (Dunlap et al. 1986; Jokiel
et al. 1997). The differences between the two species at 18
m could potentially represent a strategy to absorb and utilize
as much of the available underwater spectrum of UV and
visible radiation as possible. It has been suggested that fluo-
rescence by UV-absorbing compounds might be used for
photosynthesis (Sivalingham et al. 1976) as the excitation of
mycosporinelike amino acids at 340 nm causes the emission
of fluorescent light that could potentially be absorbed by Chl
a (Sivalingham et al. 1976). Although M. cavernosa has
greater MAA concentrations at 18 m, the overwhelming ma-
jority of MAAs in al corals are located in the host tissues.
The location of MAAs in host tissues should result in longer
path lengths for the refluoresced photons and decreased ef-
ficiency of absorption by the photosynthetic apparatus. Ad-
ditionally, work on dinoflagellates in culture by Yentsch and
Yentsch (1982) demonstrated no stimulation of photosynthe-
sis (PSI1 fluorescence) when short-wavelength UV radiation
is absorbed. It is highly unlikely that the observed differ-
ences in the concentration of UV-absorbing compounds with
depth or between species are a result of any photoacclima-
tization strategy to capture photons in the UV portion of the
spectrum to drive photosynthesis.

Differences in photosynthetic pigments between depths
reflect photoacclimatization processes (Falkowski et al.
1990; Iglesias-Prieto and Trench 1994, 1997). Additionally,
the variation in the concentrations of diadinoxanthin and dia-
toxanthin with depth suggests that a xanthophyll cycle is
present in these symbiotic dinoflagellates and is involved in
photoprotection, as described for free-living dinoflagellates
(Demers et al. 1991). Differences in pigments between spe-
cies at the same depth observed in this study demonstrate
different mechanisms for acclimatizing to the same under-
water light field. M. cavernosa has significantly higher aerial
pigment concentrations than M. faveolata at 10 m for al
light-harvesting pigments, but only for peridinin at 18 m.
The greater pigment concentrations in M. cavernosa result
in significantly higher « values and lower chlorophyll-spe-
cific spectral absorption. The lower chlorophyll-specific ab-
sorption is probably a result of a significant package effect
(Wyman et al. 1987), since the absorption of light is not a
linear function of pigment concentration in living cells. This
is clearly observed in the flattening of the absorption spectra
for both species at 18 m (Fig. 4a,b). The photoacclimatiza-
tion response of individua cells results in changes in the
architecture of the thylakoids. Thylakoid surface area in-
creases significantly when cells are exposed to lower irra-
diances (Lesser and Shick 1990), with the result that not al
chlorophyll molecules participate in primary photochemis-
try. These differences in pigments and light absorption also
supports an interpretation of a smaller functional optical
cross section (probability of absorbing a photon; Falkowski
et al. 1990) for M. cavernosa at 10 m and 18 m.

For M. cavernosa at both depths, the rate of light absorp-
tion in the light-limited portion of the P-I relationship («) is

greater than M. faveolata at low irradiances and quickly sat-
urates the photosynthetic apparatus at higher irradiances be-
cause of package effects and a smaller functiona optical
cross section. These differences would likely be even greater
if the curves were normalized to chlorophyll versus surface
area. This results in lower maximum photosynthetic capac-
ities (P..») for M. cavernosa. Despite these differences, when
we combine the photosynthetic responses and pigment con-
centration data, we observe that the minimum quantum re-
quirements are higher for M. faveolata at both 10 m and 18
m than for M. cavernosa and decrease with depth for both
species as previously described (Wyman et al. 1987). The
photosynthetic advantage of one species versus another at
the same depth is related to both the total amount of ab-
sorbed light and the quantum efficiency of light utilization.
Although M. faveolata has greater minimum quantum re-
quirements, its capacity for light absorption is greater (that
is, it has a larger functional optical cross section), which
results in higher photosynthetic capacities than those mea-
sured for M. cavernosa at the same depth. The slight year-
to-year variation and within-site variation in temperature
should have had little effect on the metabolic rates of the
experimental corals or the optical properties of those corals.

It appears that M. faveolata absorbs more light and is less
efficient with that light, but light is available in such excess
that it makes little difference at 10 m. At 18 m, there is less
visible radiation for M. faveolata to absorb, but the larger
functional optical cross section of this species alows for
absorption of more photons than M. cavernosa. The utili-
zation efficiencies at 18 m are fairly similar compared with
the differences at 10 m. On the other hand, M. cavernosa at
10 m and 18 m appears to exhibit a significant package effect
resulting in a smaller optical cross section. M. cavernosa
compared with M. faveolata at the same depth exhibit char-
acteristics of being light limited. The significant differences
in optical properties and photosynthetic rates in these con-
generic species (Wyman et al. 1987; this study) are paral-
leled by the differences in growth rates observed at shallow
depths (9—12 m) but not at deeper depths (1520 m) between
M. annularis (prior to recognition of sibling species) and M.
cavernosa (Hubbard and Scaturo 1985), with M. annularis
having faster growth rates at shallow depths. The growth
rates of corals would also be affected by differences in
whole-colony respiration. Rates of respiration, and therefore
maintenance costs, were significantly lower (Table 1) in M.
faveolata versus M. cavernosa. Lower rates of respiration in
M. faveolata would tend to favor more energy going into
growth and reproduction which may afford significant eco-
logical advantages.

Why is M. faveolata a better plant than M. cavernosa?
Polyp and corallite differences may play a role. M. caver-
nosa is alarge, fleshy, tentacular polyp supported by alarge
corallite. It is now known that multiple scattering within the
corallite makes a significant contribution to the maximum
scalar irradiance, which can reach 180% of incident irradi-
ance, within the polyp (Kuhl et a. 1995). Scattering increas-
es the path length of photons and is equivalent to a longer
residence time and enhanced absorption efficiency within a
layer of coral tissue (Kuhl et a. 1995). Initialy, this would
appear to benefit M. cavernosa with its larger polyp size.
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But M. cavernosa also has a decreased amount of skeletal
ridges per unit surface area compared with M. faveolata.
Since most of the enhanced scalar irradiance appears to oc-
cur on skeletal ridges (Kuhl et a. 1995), we hypothesize that
not only does M. cavernosa have less skeletal ridge per unit
area, but the greater tissue thickness and package effect in
M. cavernosa allows fewer photons to actually reach the
corallite and participate in this phenomenon. Finadly, it has
been suggested than M. faveolata is a better plant because
it depends upon photoautotrophy to a larger degree than M.
cavernosa because of its greater surface area. Porter (1976)
hypothesized that large tentacular polyps were better at, and
dependent upon, zooplankton capture to a greater degree
than corals with small polyps. This suggests a greater degree
of dependence on heterotrophy in corals with large polyps
and could explain a portion of the interspecific differences
in optical properties and photosynthetic performance ob-
served during this study. Recent work, however, suggests
that corals having either small or large polyps are equally
efficient at prey capture and capture prey items in the same
size range (Sebens 1997). Additionally, corals with small
polyps appear to present a greater tentacular surface area for
feeding (Sebens 1997). Dissecting the respective contribu-
tions of photoautotrophy versus heterotrophy in corals will
require measuring the simultaneous in situ contribution of
feeding and photosynthesis to total carbon and energy bud-
gets for these and other species of corals. Then the role of
photoautotrophy versus heterotrophy in the ecology of one
species versus another over their overlapping bathymetric
distribution can be better assessed.
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