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Abstract The threatened seagrass Halophila johnsonii
Eiseman coexists subtidally with H. decipiens Ostenfeld
in southeastern Florida, but only H. johnsonii also oc-
curs intertidally. Pulse amplitude modulated fluorome-
try and fiber-optic spectrometry were used to investigate
the photobiology of two populations of H. johnsonii and
H. decipiens in an attempt to explain these distribution
patterns. Maximum photosynthetic quantum yields (F,/
F,,) were measured in situ as a function of depth dis-
tribution within, and between, these two species at two
sites (Jupiter Sound, 26°57'N; 80°04’W, and northern
Biscayne Bay, 25°55’N; 80°07"W) along the east coast of
Florida, USA, during 6-10 March 2001. Reciprocal
transplants at the northern site were used to evaluate the
plasticity of photosynthetic patterns and pigment
absorption spectra and to gain insights into the mecha-
nisms responsible for variations in the observed depth-
distribution patterns. Subtidal-population F,/F,, values
were generally higher for H. johnsonii than for H. deci-
piens, at both sites. At the northern site, intertidal
H. johnsonii had significantly lower F,/Fy, (0.494 £0.138)
than both subtidal H. johnsonii (0.696+0.045) and
subtidal H. decipiens (0.668 £0.048). In contrast, at the
southern site intertidal H. johnsonii had the highest F,/
F,, (0.663+0.047) and were the largest plants. F,/Fy,
values of subtidal plants of both species decreased when
they were transplanted into shallow, intertidal
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beds. Correspondingly, F,/F,, increased for intertidal
H. johnsonii transplanted into the subtidal, 2 m deep
beds. Rapid light curves indicated that H. decipiens had
lower maximum relative electron transport rates (RE-
TR .x) than did H. johnsonii. In addition, the onset of
photoinhibition occurred at lower irradiances for
H. decipiens (537-820 umol photons m™> s~ ') compared
to H. johnsonii (1141-2670 ymol photons m™ s~ ).
RETR,.x values decreased for intertidal H. johnsonii
transplanted into subtidal beds, but they increased for
both species when transplanted from subtidal to inter-
tidal beds. Absorption spectra for the acetone-soluble
leaf pigments of intertidal H. johnsonii exhibited a
dominant peak near 345 nm; this UV peak was 30%
lower for subtidal plants. Pigment absorption spectra for
H. decipiens lacked the 345 nm peak and absorbances,
normalized to leaf pairs, were lower across the spectrum.
Our results indicate that photosynthetic tolerance to
higher irradiances and presence of UV-absorbing pig-
ments (UVP) in H. johnsonii may allow this species to
exploit the shallowest waters without competition from
the closely related, but UVP-lacking H. decipiens.

Introduction

The 12 recognized species in the genus Halophila are
distributed in warm-temperate and tropical waters
worldwide; the only pan-tropical species is H. decipiens
(den Hartog 1970). Species of Halophila have the widest
depth distribution of all seagrasses, occurring from the
intertidal to 85 m depths (den Hartog 1970). The genus
Halophila is morphologically distinguished from the
other seagrass genera by having a pair of small leaves or
a pseudowhorl of leaves at each rhizome node, being
shallow rooted, and having two to three orders of
magnitude less standing crop (leaf canopy) per unit area.

Halophila johnsonii has only been found along ap-
proximately 200 km of coastline in southeastern Flori-
da, between Sebastian Inlet (27°51’N; 80°27'W) and
north Biscayne Bay (25°45'N; 80°07'W). This narrow
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range and apparent endemism indicates that H. johnsonii
has the most limited geographic distribution of any
seagrass in the world. Within its limited distribution
range, H. johnsonii is also the least abundant species
(Virnstein et al. 1997). Unlike most Halophila spp.,
which can survive perturbations by using sexual repro-
duction to disperse and maximize offspring survival
(Kenworthy 2000), H. johnsonii appears to reproduce
only through asexual branching or apomixis, as no male
flowers have been observed (Eiseman and McMillan
1980). Thus, H. johnsonii may be at a competitive dis-
advantage after periods of unfavorable conditions
compared to the highly fecund H. decipiens. Based on
these attributes, H. johnsonii was recently listed as
threatened under the Endangered Species Act (Federal
Register 1998), the only marine plant so listed.

H. johnsonii grows in non-contiguous patches, at
depths extending from the intertidal down to 3 m (Ken-
worthy 1993; Virnstein et al. 1997). Intertidal populations
may be completely exposed at low tides, suggesting tol-
erance to desiccation, to wide temperature ranges, and to
high solar and UV radiation levels. However, Bjork et al.
(1999) reported that shallow intertidal species, such as
Halophila ovalis and Halodule wrightii, were generally
more sensitive to desiccation than subtidal species. They
suggested that tolerance to high irradiances allows these
species to occupy the uppermost intertidal zones. Al-
though it is more commonly found in monotypic patches,
H. johnsonii can also occur mixed with H. decipiens at
depths of 1-3 m. However, H. decipiens is more com-
monly a deep-water species, and it does not occur int-
ertidally with H. johnsonii. Distribution patterns and
experimental observations suggest that H. johnsonii has a
wider tolerance of salinity, temperature, and optical water
quality conditions than does H. decipiens (Dawes et al.
1989). In laboratory incubations, H. johnsonii did not
exhibit photoinhibition at high light intensities, as did
H. decipiens (Dawes et al. 1989).

The present study compared the photobiology of
H.johnsoniiand H. decipiensin an attempt to explain their
depth distributions. Maximum photosynthetic quantum
yields (Fy/F,) and maximum relative electron transport
rates (RETR,,,,) were measured in situ using a pulse-
amplitude modulated (PAM) fluorometer as a function of
depth distribution within, and between, these two species
at two locations. We also conducted reciprocal trans-
plants at a northern site, to evaluate plasticity of photo-
synthetic patterns and pigment absorption spectra, and to
gain mechanistic insights into observed constraints in the
distribution patterns of these two seagrasses.

Materials and methods

Sample sites

The in situ photosynthetic characteristics and leaf pigment ab-
sorption spectra of Halophila johnsonii Eiseman (Hjon) and
H. decipiens Ostenfeld (Hdec) were measured at the south end of
Jupiter Sound near Jupiter Inlet (JI; 26°57'N; 80°04’W) and at

Haulover Park in northern Biscayne Bay (BB; 25°55'N; 80°07'W)
during the period 6-10 March 2001. At the JI site, intertidal (S,
shallow) patches of monospecific H. johnsonii (HjonS) occurred on
a sandbar among sparse patches of Halodule wrightii. The sandbar
was approximately 25 m from shore and adjacent to the Intra-
coastal Waterway (ICCW). Water depths increased rapidly (inter-
tidal to >3 m) over a short horizontal distance (<5 m). The
subtidal (D, deep) H. johnsonii (HjonD) and H. decipiens (HdecD)
populations occurred at approximately 2 m depths along the slope
between the sand bar and the ICCW channel. The sandbar was
subjected to relatively frequent boat wake waves and semi-diurnal
tidal currents, due to its close proximity to the ICCW and Jupiter
Inlet (about 2 km to the south). At BB, the intertidal population of
H. johnsonii occurred shoreward of sparse Halodule wrightii patches
adjacent to a red mangrove-lined shoreline (Rhizophora mangle).
Many of the plants were actually under the seaward edge of the
red mangrove canopy. The subtidal H. johnsonii (HjonD) and
H. decipiens (HdecD) populations occurred at approximately 2 m
depths, 50 m offshore. The BB site had a more gentle slope and
broader grassbed than JI, and was adjacent to a no-wake (idle
speed) zone of the ICCW, but it was also near an inlet (about 2 km
north of Haulover Inlet), so like JI, was well flushed.

Fluorescence measurements

PAM chlorophyll fluorescence was measured with a Diving-PAM
(Walz, Germany), using SCUBA. To minimize the effects of diur-
nal variations in fluorescence parameters, measurements were ob-
tained between 1000 and 1600 hours at both sites and were
randomized between species and among treatments. The tip of the
instrument’s optical fiber was placed 2-5 mm from, and perpen-
dicular to, the middle of the adaxial surface of leaves using dark
leaf clips. Maximum quantum yield of electron transfer in photo-
system II (PSII) was determined by the saturating-light method on
5-min, dark-adapted leaves as: (Fy,—F,)/F, = F,/Fn, where F, is the
minimal fluorescence of a dark-adapted leaf in which all PSII re-
action centers are open and Fy, is the corresponding maximum
fluorescence measured with all PSII reaction centers closed fol-
lowing a short (0.8 s), saturating light period (e.g. Van Kooten and
Snel 1990). Preliminary measurements comparing 0-, 5-, 10-, and
15-min dark-acclimation periods indicated no significant change in
F,/F,, after 5 min.

Rapid light curves (RLC) were produced by the Diving-PAM
under the control of an internal program using artificial photo-
synthetic photon flux density (PPFD) from an internal halogen
lamp. Eight discrete irradiance steps were used at 10-s intervals,
following initial yield measurements of 115, 238, 378, 537, 820,
1141, 1785, and 2670 umol photons m™2 s™'. The leaf was shaded
from ambient light during the RLC by the dark leaf clip. The RLCs
used a relative measure (because leaf absorbance was not directly
measured) of electron transport rates (RETR, sensu Schwarz et al.
2000; Beer et al. 2001), calculated from the following equation:
RETR = YxPPFDx0.5xAF, where Y is quantum yield in ambient
light, PPFD is the programmed level of photosynthetically active
radiation (PAR, 400-700 nm) delivered by the halogen lamp (val-
ues were validated in the laboratory using a calibrated cosine-
corrected LiCor quantum sensor), 0.5 assumes half of the photons
absorbed are absorbed by PSII, and AF is the fraction of the PPFD
absorbed by the leaf. The instrument default value for AF is 0.84,
which is a representative value for terrestrial plant leaves. Reported
absorption factors (AF) for seagrasses range from 0.44 for Zostera
marina (Beer et al. 1998) to 0.84 for Thalassia testudinum (Major
and Dunton 2002). Because we were interested in comparative
differences in photosynthetic characteristics and changes in re-
sponses with depth, we used the instrument default AF value to
calculate RETR, as recommended by Beer et al. (2001). The units
of RETR are micromoles electrons per square meter per second.
Data from the RLCs were fitted to a hyperbolic tangent function
(Jassby and Platt 1976) using a non-linear, curve-fitting procedure
in SigmaStat (Jandel Scientific, San Rafael, Calif, USA). The
equation yielded values for the initial light-limited slope of RETR



versus PPFD (o) and light-saturated RETR (RETR,,.x). These
values were then used to calculate the irradiance at the onset of
saturation (Ey) as described by Schwarz et al. (2000).

Pigment extraction and analysis

Leaf material was ground in low light, using a chilled (in ice)
mortar and pestle in 90% acetone. To minimize age-related, ramet-
to-ramet variation in leaf pigment content, sampled leaf material
was standardized as the second leaf pair back from the rhizome
apical. Acetone extracts (4-6 ml) were poured into graduated
centrifuge tubes wrapped in aluminum foil and stored at 4°C in the
dark to allow suspended material to settle. Absorbance spectra
(280-750 nm) were measured in 1 cm quartz cuvettes illuminated
by a halogen/deuterium light source using an Ocean Optics
(Dunedin, Fla., USA) S2000 fiber optic spectrometer. Absorbance
spectra for each leaf pair were normalized by volume of acetone in
the extracts. Chlorophyll a and b contents were calculated using the
equations of Jeffrey and Humphrey (1975). Ultraviolet pigment
peaks were detected using the automatic peak location function in
GRAMS/32 spectroscopic analysis software (Galactic Industries,
Salem, N.H., USA).

Reciprocal transplants

To gain insight into the role of photobiology in determining intra-
and inter-specific distribution patterns, reciprocal transplants were
established at the northern JI site. Control and reciprocal trans-
plants were established by removing 7.5 cmx7.5 cm plugs with the
sediment and rhizomes intact from established beds using a sod
plugger and placing the plugs into 7.5 cmx7.5 cm peat pots (Hei-
delbaugh et al. 1999). Ten replicate planting units (PU) were
transplanted for each treatment: H. johnsonii intertidal to subtidal
(HjonS2D), H. johnsonii intertidal to intertidal (HjonS2S, intertidal
control), H. johnsonii subtidal to intertidal (HjonD2S), H. johnsonii
subtidal to subtidal (HjonD2D, subtidal control), H. decipiens
subtidal to intertidal (HdecD2S), and H. decipiens subtidal to
subtidal (HdecD2D, subtidal control). Transplants and transplant
plots were established within the same beds where initial PAM-
fluorometric and pigment measurements were made. After 4 days,
photosynthetic characteristics of the transplants were determined,
and leaf material was sampled for pigment extraction and analysis.

Statistics

Fluorescence and pigment data were compared in a pairwise
manner between depths, sites, reciprocal transplant treatments, and
species. All data were tested for normality and homogeneity of
variances by the Kolmogorov—Smirnov test and the Levene median
test, respectively. If assumptions were satisfied, t-tests were per-
formed. If data were non-normal or variances non-homogeneous
then non-parametric analyses (Mann—Whitney signed rank test)
were used. All statistics were calculated using SigmaStat 2.0
(Jandel Scientific, San Rafael, Calif., USA) with significance de-
termined at the 95% probability level (P <0.05). All values are
reported as means+ 1 SD.

Results
Fluorescence

Maximum quantum yields (F,/F,) for Halophila
Jjohnsonii and H. decipiens at the northern and southern
sites ranged from 0.250 to 0.740 (Fig. 1a). Within both
species, the subtidal JI population had significantly
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Fig. 1a, b Halophila johnsonii (Hjon) and Halophila decipiens
(Hdec). Comparison of maximum quantum yields (F,/Fy,) for: a
intertidal (S shallow) and subtidal (D deep) populations at Jupiter
Inlet (/1) and Biscayne Bay (BB) and b reciprocal transplants from
intertidal-to-subtidal (S2D) and subtidal-to-intertidal (D2S) loca-
tions at Jupiter Inlet, 4 days after transplanting (S2S shallow,
intertidal control; D2D deep, subtidal control; dotted line mean;
solid horizontal line median; box 25th and 75th percentiles; error
bars 10th and 90th percentiles, n= 6, except HdecD2S where n=1)

higher F,/F,, values than the subtidal BB population.
Within sites, F,/F,, values for subtidal H. johnsonii were
generally higher than those for H. decipiens, although
these differences were not significant. Intertidal H.
Jjohnsonii at BB had F,/F,, values that were significantly
higher than those of intertidal JI plants. The intertidal
BB plants were also the largest and most robust plants
we sampled. Values of F,/F,, for the intertidal BB plants
were not significantly different than those of the subtidal
BB population.

Maximum quantum yields of the reciprocal trans-
plants of H. johnsonii indicated rapid, depth-based
adjustments in photosynthetic characteristics (Fig. 1b).
F,/F,, increased for intertidal plants when moved to
greater depths, which is consistent with the higher F,/F,
of subtidal plants (compare Fig. 1a and b). Accordingly,
F,/F,, decreased for subtidal plants of H. johnsonii when
moved to the shallower intertidal zone. Intertidal con-
trol transplants (HjonS2S) exhibited higher yields than
ambient intertidal plants (HjonS—JI). Only one plant-
ing unit of subtidal H. decipiens survived being trans-
planted into the intertidal zone. F,/Fy, values for the
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subtidal treatment control, HdecD2D and the sole sur-
viving HdecD2S were generally lower than those of any
of the H. johnsonii transplants and ambient subtidal
plants (HdecD—JI).

RLC data exhibited typical saturation kinetics and
also revealed depth-, site-, and species-based differences
in the photobiology of H. johnsonii and H. decipiens
(Fig. 2). Photoinhibition was evident for both species.
Intertidal H. johnsonii exhibited photoinhibition only at
the highest PPFD applied (1785-2670 umol photons
m~2 s™', Fig. 2a), while subtidal plants exhibited initial
photoinhibition at a lower PPFD (> 1141 umol photons
m~2 57!, Fig. 2b). Subtidal H. decipiens exhibited pho-
toinhibition at even lower PPFD than subtidal
H. johnsonii (537 umol photons m™2 s™' for HdecD—IJI
and 820 pmol photons m™?s™! for HdecD—BB, Fig. 2¢).
At the JIsite, values for the light-limited increase in RETR
with PPFD, a, were indicative of typical sun/shade plant
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Fig. 2a—c Halophila johnsonii and Halophila decipiens. Rapid light
curves for: a intertidal H. johnsonii, b subtidal H. johnsonii, and ¢
subtidal H. decipiens populations at Jupiter Inlet and Biscayne Bay.
Abbreviations as in Fig. 1 (PPFD photosynthetic photon flux
density; RETR relative electron transport rates; symbols mean;
error bars SD, J1 n=12, BB n=6)

patterns (Fig. 3a), being significantly higher for subtidal
H. johnsonii and H. decipiens compared to intertidal
H.johnsonii. In contrast, o for intertidal H. johnsonii at BB
was significantly greater than for subtidal plants of both
species and significantly greater than for intertidal
H. johnsonii at JI. Within both species, subtidal JI plants
had significantly higher o than subtidal BB plants. Av-
erage RETR,,,, was lower for subtidal H. johnsonii than
for intertidal plants at both sites (Fig. 3b), although the
difference was significant only for the BB population.
RETR,,.x was significantly higher for H. johnsonii
compared to H. decipiens at J1, and, for the latter spe-
cies, the BB population had significantly higher RE-
TR ,.x compared to the JI population. The irradiance at
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Fig. 3a—c Hualophila johnsonii and Halophila decipiens. Mean
(£SD) rapid light curve coefficients for: a slope of RETR versus
PPFD («), b maximum relative electron transport rate (RETR4x),
and c irradiance at the onset of saturation (Ey) for intertidal and
subtidal H. johnsonii and subtidal H. decipiens populations at
Jupiter Inlet and Biscayne Bay. Abbreviations as in Fig. 1.
Significant differences (z-test, P <0.05) are indicated with asterisks;
JIn=12,BBn=06



the onset of saturation, E}, was highest for intertidal
H. johnsonii and lowest for subtidal H. decipiens at JI
(Fig. 3c). There was little depth- or species-based vari-
ation in Ey at BB, possibly reflecting less variability in
PPFD between the intertidal (S) and subtidal (D) loca-
tions at BB during our PAM measurements (BB—S =
380+ 180 umol photons m™2 s~', BB—D =410+ 100,
JI—S=695+209, JI—D =267 £ 116, irradiances mea-
sured by the cosine-corrected quantum sensor of the
Diving-PAM).

Changes were evident in RLC characteristics for the
reciprocal transplants after 4 days (Fig. 4). Intertidal-to-
subtidal transplants of H. johnsonii had generally lower
RETR at all PPFDs (Fig. 4a). Subtidal-to-intertidal
transplants of both H. johnsonii (Fig. 4b) and H. deci-
piens (Fig. 4c) exhibited less photoinhibition and did not
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Fig. 4a—c Halophila johnsonii and Halophila decipiens. Rapid light
curves for reciprocal transplants after 4 days: a intertidal-to-
subtidal (S2S, n=5) H. johnsonii, b subtidal-to-intertidal (D2S,
n=4) H. johnsonii, and ¢ subtidal-to-intertidal (D2S, n=2) H.
decipiens populations at Jupiter Inlet [S2S shallow control (Hjon
n= 5); D2D deep control (Hjon n=4, Hdec n=4)]. Other
abbreviations as in Figs. 1, 2 (symbols mean; error bars SD)
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initiate photoinhibition until higher PPFD than their
corresponding subtidal-to-subtidal controls. In addition,
subtidal-to-intertidal transplants had lower o, higher
RETR,..x, and lower Ej than their controls (Fig. 5).
Intertidal-to-subtidal transplants of H. johnsonii exhib-
ited little change in o, but they exhibited a significant
decline in RETR,,,x and an increase in Ey.

Absorption spectra and pigments

The UV-visible light absorption spectra for 90% acetone
extracts of H. johnsonii leaves showed strongest
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Fig. Sa—c Halophila johnsonii and Halophila decipiens. Mean
(£SD) rapid light curve coefficients for: a slope of RETR versus
PPFD («), b maximum relative electron transport rate (RETR,.4),
and c irradiance at the onset of saturation (Ey) for intertidal-to-
subtidal (S2D) H. johnsonii and subtidal-to-intertidal (D2S)
reciprocal transplants of H. johnsonii and H. decipiens at Jupiter
Inlet [S2S shallow control (Hjon n= 5); D2D deep control (Hjon
n=4, Hdec n=4)]. Other abbreviations as in Figs. 1, 2. Significant
differences (z-test, P <0.05) indicated with asterisks
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absorption in the UV-A region, between 320 and
380 nm (Fig. 6a, b). In contrast, the absorption spectra
for H. decipiens leaves lacked this UV-A peak, although
there was a shoulder in the spectra between 320-400 nm
(Fig. 6¢). Both populations and species exhibited peaks
characteristic of chlorophylls. Absorption spectra for
both H. johnsonii and H. decipiens indicated that the
southern BB populations had generally higher pigment
content per leaf pair. For intertidal H. johnsonii, chlo-
rophyll a and b levels were significantly higher in the BB
than the JI populations (Fig. 7a, b). Peak UV absor-
bances were also significantly higher for the BB inter-
tidal and subtidal H. johnsonii populations compared to
the JI populations (Fig. 7d). Chlorophyll a/b ratios for
subtidal H. johnsonii were significantly greater than
chlorophyll a/b ratios for subtidal H. decipiens at both
sites (JI: 2.29+£0.17 vs. 2.01+0.13, P=0.03 and BB:
2.17+0.04 vs. 1.96+0.05, P<0.001 for H. johnsonii vs.
H. decipiens, respectively; Fig. 7c).

The UV-visible absorption spectra for the reciprocal
transplants of H. johnsonii (Fig. 8) showed a decrease in
the UV-A absorption for intertidal plants transferred to
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Fig. 6a—c Hualophila johnsonii and Halophila decipiens. Mean
absorption spectra of 90% acetone leaf extracts for: a intertidal
Hjon, b subtidal Hjon, and ¢ subtidal Hdec populations at Jupiter
Inlet (n=38) and Biscayne Bay (n=4). Abbreviations as in Fig. 1

the subtidal plot and an increase in this peak for subtidal
plants transplanted into the intertidal zone. This in-
crease was significant for the HjonD2S treatment
(Fig. 9d). No significant changes in chlorophyll contents
were observed (Fig. 9a—c). There was also little change
in the absorption spectra for subtidal-to-intertidal
transplants of H. decipiens, although there was a slight
increase in the UV peak for subtidal-to-intertidal
transplants (Fig. 9d).

Discussion

Photosynthetic characteristics, measured by pulse am-
plitude modulated chlorophyll @ fluorescence in situ and
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transplants after 4 days at Jupiter Inlet [S2S shallow control (Hjon
n=3); D2D deep control (Hjon n=3, Hdec n=3)]. Other
abbreviations as in Fig. 1

pigment compositions of Halophila johnsonii and
H. decipiens exhibited significant differences that may, at
least partially, explain the different depth distributions
of these two species. Absorption spectra of leaf pigments
revealed that the intertidally distributed species
H. johnsonii contains high levels of ultraviolet-absorbing
pigments (Yakoleva and Titlyanov 2001), which are
characteristic of high-light-adapted species (Franklin
et al. 1996; Hader et al. 1998a). UVPs were largely
absent in H. decipiens. Photoinhibition was evident
for both species; however, the irradiance levels for the
onset of photoinhibition were much lower for the
deeper, subtidally distributed species (537-830 umol
photons m™ s™! for H. decipiens vs. 17852670 umol
photons m™ s™! for H. johnsonii). Within H. johnsonii,
the deeper growing subtidal plants exhibited greater
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Fig. 9a-d Halophila johnsonii and Halophila decipiens. Mean
(£SD) leaf: a chlorophyll @, b chlorophyll 5, ¢ chlorophyll a/b
ratios, and d peak UV absorbance for intertidal-to-subtidal (S2D,
Hjon n=4) and subtidal-to-intertidal (D2S, Hjon n=4, Hdec n=3)
reciprocal transplants of H. johnsonii and H. decipiens at Jupiter
Inlet. Other abbreviations as in Fig. 1. Significant transplant
differences (z-test, P <0.05) indicated with asterisk

photoinhibition than intertidal individuals. Depth-
related increases in photoinhibition, as measured by
changes in F,/F,, have been observed for macroalgae
(Franklin et al. 1996; Yakoleva and Titlyanov 2001) and
seagrasses (Ralph et al. 1998). High-irradiance-induced
decreases in F,/F,, are thought to reflect dissipation of
excess energy within the light-harvesting antennae (i.e.
photoprotection, Krause 1991), photodamage to PSII
(Franklin et al. 1996), or both processes (Ralph and
Burchett 1995). The responses exhibited by H. johnsonii
probably reflect primarily photoprotection, or possibly
changes in leaf optical properties, as evidenced by both
the increase in UVPs and reduction in F,/F,, under in-
creased PAR conditions (Franklin et al. 1996; Gorbunov
et al. 2001; Major and Dunton 2002; present paper,
see below).
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Dawes et al. (1989) observed strong photoinhibition
at irradiances >300 uE m™? s™' in H. decipiens col-
lected from 20 m depths, and they suggested that
deep-water populations of H. decipiens are intolerant
of irradiances >1000 xuE m™> s~'. Maximum photo-
synthetic rates (Pn.x) and compensation irradiances
(I.) of H. decipiens, measured using oxygen fluxes,
were lower, while « values were more than double
those of H. johnsonii (Dawes et al. 1989). The rela-
tively lower RETR,,,x and E; values and generally
higher o that we measured in situ for H. decipiens are
in agreement with the laboratory-based oxygen-flux
measurements. Both the oxygen and fluorescence re-
sults indicate greater photosynthetic light-efficiency,
adaptation to lower irradiances, and inhibition by high
irradiances for the more deeply distributed H. decipi-
ens, compared to the shallow-water H. johnsonii.

The lowest quantum yields (F,/F,) were measured
in the shallow-intertidal H. johnsonii population at the
northern Jupiter Inlet site. This population existed on
an offshore sand bar that was partially exposed at low
tides. Prolonged exposures to high irradiance are
known to induce declines in F,/F, in marine plants
(Ralph and Burchett 1995; Hader et al. 1998a, 1998b;
Yakoleva and Titlyanov 2001; Durako and Kunzelman
2002). It has recently been suggested that this repre-
sents a trade-off between photosynthetic efficiency and
photoprotection (Major and Dunton 2002). Accord-
ingly, F,/F, values were generally higher for deeper
plants of both species at both sites, consistent with past
reports of increases in leaf fluorescence ratios in re-
sponse to decreased irradiance in seagrasses (Dawson
and Dennison 1996; Major and Dunton 2002). The
relatively high F,/F, values for the intertidal
H. johnsonii at Biscayne Bay at first seemed anomalous.
However, it may simply reflect the location of the
sampled population, immediately adjacent to a red
mangrove-lined shoreline (the landward edge of the
bed was actually under the shadow of the mangrove
canopy). Because the mangrove canopy is located east
of the shallow plants, they are shaded during most of
the morning and do not receive direct sunlight until
late morning, thus significantly reducing the daily
quantum flux to these plants. The intertidal plants at
the BB site had the highest pigment levels and were the
largest and most robust plants of the populations we
sampled.

The decrease in F,/F,, in macroalgae and seagrasses
in response to high irradiances has also been associ-
ated with an increase in UV-blocking or UV-absorb-
ing pigment (UVP) levels (Dawson and Dennison
1996; Franklin et al. 1996; Hader et al. 1998a, 1998b;
Yakoleva and Titlyanov 2001). Ralph et al. (1998)
observed that seagrasses in shallow water have a
higher capacity for light protection and non-photo-
chemical quenching compared to deep-water seagrass-
es. In our reciprocal transplants, H. johnsonii exhibited
a significant reduction in F,/F, and a significant in-
crease in UVPs, within 4 days of being transplanted

from 2 m depths to the intertidal zone (i.e. to higher
PAR and UV conditions). The decreases in F,/F,, in
H. johnsonii were due to decreasing F,, rather than
increases in F, (data not shown). These changes are
indicative of non-photochemical quenching rather than
destruction of PSII reaction centers, and they are
consistent with the observed increase in UVPs in the
subtidal-to-intertidal transplants (Dawson and Denni-
son 1996; Franklin et al. 1996). H. decipiens had
generally lower F,/F,, values compared to H. johnso-
nii, and very low UVP absorbance. The lack of UVPs
may have contributed to this species’ high mortality
when transplanted to the shallow site. Maximum
quantum yields for the transplanted H. decipiens were
even lower when compared to the H. johnsonii trans-
plants and the undisturbed subtidal H. decipiens. The
reduction in photosynthesis, particularly for the sub-
tidal transplant controls (D2D), may also reflect
greater stress or injury, for these morphologically
more-delicate plants, in response to transplanting.
Photosynthetic organisms exposed to high levels of
visible and UV radiation have developed several pig-
ment-based mechanisms to counteract the damaging
effects of the additional radiation (Sinha et al. 1998).
Seagrasses rely on production of UV-absorbing pig-
ments for protection against high irradiances and UV
radiation (Trocine et al. 1981; Dawson and Dennison
1996; Hader et al. 1998a). UV-blocking pigment ab-
sorbances increase in response to increases in both
PAR and UV (Dawson and Dennison 1996; Detras
et al. 2001). In this study, chlorophyll and UVP con-
tents were normalized to relative ramet age (second leaf
pair behind the apical). We did this because of our
observations of significant age-related variability in leaf
photosynthetic and pigment characteristics in the rela-
tively short-lived leaves (15-20 days, authors’ unpub-
lished data) in these two species. However, the
significantly higher leaf chlorophyll contents and levels
of the UVPs for the southern population may partially
have been due to the larger leaf sizes of the Biscayne
Bay plants, rather than differing irradiance levels
between the two sites (they are only ~100 km apart).
The chlorophyll a/b ratios (~2) that we calculated for
both H. johnsonii and H. decipiens were slightly lower
than those recently reported for Thalassia testudinum
exposed to different UV treatments (2.46-2.82, Detras
et al. 2001) and irradiances (3.1-3.4, Major and Dun-
ton 2002). The lack of significant changes in chloro-
phyll a/b ratios to varying irradiance treatments in
T. testudinum and the relative constancy of chloro-
phyll a/b ratios in H. johnsonii and H. decipiens across
sites and depths indicate little role for these pigments in
photoprotection of seagrasses. In contrast, UVP levels
significantly increased within 4 days for the subtidal-
to-intertidal reciprocal transplants, indicating that
photoadaptation to higher UV radiation occurs rapidly
in H. johnsonii. Our in situ results were similar to the
significant changes observed after 1 week of exposure
to experimental manipulations of PAR and UV in



aquarium-grown seagrasses (Dawson and Dennison
1996). The UVP levels in our reciprocal transplants
also responded to decreasing irradiances in a manner
similar to the patterns exhibited by other subtropical
seagrasses, decreasing in response to reductions in PAR
and UV (Dawson and Dennison 1996; Detras et al.
2001).

The cyanobacterium Anabaena sp. is able to increase
its UVP content in response to UV stress within 24 h,
and thus may be able to adapt to day-by-day fluctua-
tions in UV radiation (Sinha et al. 1999). The absorption
spectra of methanol extracts of Anabaena sp. exposed to
elevated PAR and UV exhibited a prominent peak at
334 nm, which was attributed to a mycosporine-like
amino acid (MAA, Sinha et al. 1999). MAAs are water-
soluble substances having absorption maxima ranging
from 310 to 360 nm (Sinha et al. 1998). In terrestrial
plants, UV radiation induces the synthesis of flavonoids.
McMillan et al. (1980) isolated two sulfated flavones and
a single sulfated phenolic acid from 7. testudinum.
Flavones are a type of flavonoid accumulated in her-
baceous plants. In seagrasses, they have peak absor-
bances of 310-350 nm (Abal et al. 1994). The absorption
spectra for acetone extracts of H. johnsonii leaves ex-
hibited a peak of 343-348 nm, which could be indicative
of MAA or flavonoid absorption. However, flavonoids
are known to protect vascular plants from UV radiation,
and MAAs are thought to serve this same function in
lower organisms (Sinha et al. 1998). MAAs have not
been isolated from any vascular plant.

As first suggested by Dawson and Dennison (1996),
changes in F,/F,, and UV-blocking pigments in response
to elevated levels of PAR and UV may be used as an
indicator of radiation sensitivity. Tolerant species may
photoadapt to high PAR and UV by large increases in
UVPs and associated decreases in F,/F,,. However,
sensitive species lack these photoprotective mechanisms,
thus constraining their upper depth distribution. The
presence of UVPs in H. johnsonii may allow this species
to exploit the shallowest waters without competition
from the closely related, but UVP-lacking H. decipiens.
However, survival of the shallowest H. johnsonii popu-
lations may be threatened by other perturbations asso-
ciated with intertidal fringe areas such as exposure to
breaking waves, desiccation at low tides (Bjork et al.
1999), and shoreline development activities. While
H. decipiens may not be able to survive intertidally, its
depth range extends much deeper than the 3 m maxi-
mum depth of occurrence observed for the threatened
H. johnsonii (Kenworthy 2000). At the lower depth
limits, turbidity is a more critical factor. Thus, degra-
dation of water quality due to human impacts, which
would result in a more narrow depth range, may pose a
more significant threat to H. johnsonii than continued
increases in UV radiation.
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