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The endemic seagrass Halophila johnsonii grows intertidally to 3 m deep, in both marine and riverine
influenced habitats of eastern Florida. Salinity and chromophoric dissolved organic matter (CDOM) levels
widely fluctuate across this broad habitat range, changing tidally and with variable influx of freshwater from
watershed runoff, river discharge and stochastic storm events. CDOM exponentially absorbs light in the UV to
blue wavelengths, affecting optical water quality. H. johnsonii produces 15 flavonoid compounds that

Ic(eDy(v)/vl\zrds‘ maximally absorb in the UV range. These flavonoids are thought to function as UV-protectants (UVP) in high-
Halophila johnsonii light and UV-intense environments. This mesocosm study examined the photosynthetic capacity, quantum
Hyposalinity efficiency and pigment content of H. johnsonii under experimental treatments of three salinities (10, 20 and 30)
Hurricanes with and without CDOM. Main treatment effects and possible interactive effects at both short- (1 day to 1 week)

and longer-term (1 month) time scales were examined. There were no significant CDOM or CDOM x salinity
effects over any of the experimental treatment durations. There was 100% mortality of plants at salinity 10 after
10 days regardless of water color. UVP content of leaves was not affected by CDOM in this study, but there was
significant variation in UVP in response to salinity. Our results do not support the primary role of UVP in this
species as a sunscreen, but indicate that different salinity environments contribute to changes in the levels of
these flavonoids. The UVP response to salinity stress response was not mitigated by a decrease in UV-radiation
(increased CDOM) as H. johnsonii continued to put energy into the production of the carbon-rich flavonoids
regardless of potential UV-stress. The experimental results indicate that prolonged hypo-salinity conditions are

an important environmental factor to manage in the limited geographic range of H. johnsonii.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Halophila johnsonii Eiseman is a seagrass that is endemic to the
coastal lagoons of the East coast of Florida from Sebastian Inlet to
Northern Biscayne Bay, FL (27°51'N; 80°27'W to 25°45’; 80°07'W),
including much of the Indian River Lagoon (Kenworthy, 1992; Virnstein
and Morris, 2007). Water quality in this region is significantly
influenced by river, canal and creek discharges from the watershed,
many of which are regulated by state water-management agencies. At
times of high discharge, especially during the rainy season or post-
storm events, salinity decreases and the presence of chromophoric
dissolved organic matter (CDOM), derived from terrestrial run-off,
increases (Zanardi-Lamardo et al., 2004; Steward et al., 2006). Multiple
hurricanes/tropical storms impacted this region in 2004 reducing
water transparency (increased CDOM and turbidity) and salinity fell
from 30 to less than 15 in some regions of the Indian River Lagoon;
these uncharacteristic hyposaline and high-color conditions persisted
in some areas through the following year. (Steward et al., 2006).
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Growth, distribution and physiology of seagrasses are significantly
influenced by salinity, based upon their ability to osmoregulate to
variations in environmental salinities (reviewed by Touchette, 2007).
Lab studies of H. johnsonii indicate that hyposalinity negatively affects
growth and photosynthetic activity and increases mortality (Torque-
mada et al., 2005). Halophila johnsonii and its co-occurring con-generic
H. decipiens, which has similar morphological structure and growth
habit, did not tolerate extreme hyposaline conditions (a salinity of 5)
over the course of a three day acclimation period in lab culture (Dawes
et al., 1989). The abundance of H. johnsonii at permanent monitoring
sites decreases during years of increased precipitation, also suggesting
that influx of freshwater and reduced salinity has a negative impact on
this species in situ (Virnstein and Morris, 2007). Although the main
effects of salinity on seagrasses are generally well known, to our
knowledge, the possible interactive effects of hyposaline and hyper-
CDOM conditions, which would co-occur at times of increased river
discharge or runoff, have not been examined.

In the presence of CDOM, light attenuation increases exponentially
with decreased wavelength, significantly decreasing the amount of
high-energy UV and blue-light penetrating the water column (Kirk,
1994). It is unknown whether increased CDOM, which should decrease
UV-stress, affects hyposalinity tolerance of H. johnsonii. CDOM is known
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to provide phytoplankton protection from UV-B radiation thereby
increasing growth and decreasing photoinhibition (Nielsen and Eke-
lund, 1993). Although direct effects of CDOM on seagrasses have not
been reported, depth distribution is influenced by species' sensitivity to
UV radiation (Dawson and Dennison, 1996; Durako et al., 2003). A
change in UV-B radiation entering a system may cause a shift in plant
species within a system, based on species-specific spectral tolerances,
thereby affecting ecosystem characteristics (Caldwell et al., 1998).

Optical water quality (e.g., UV light) is an especially relevant
environmental factor to consider regarding the growth and survival
of H. johnsonii as this seagrass produces a number of carbon-rich flavone
glycosides and acetylglycosides that maximally absorb light in the
UV range (330-380 nm, Krzysiak, 2006; Meng et al., 2008). This UV-
absorbance peak dominates the pigment-absorption spectra of
H. johnsonii and it is not present in the co-occurring con-generic
H. decipiens (Durako et al., 2003). Transplant studies involving
H. johnsonii and H. decipiens observed that the UV-absorbance peak
in H. johnsonii was 30% lower in subtidal than intertidal plants supporting
the suggestion that the flavonoids function as UV-protective pigments
(UVP) or sunscreens (Durako et al., 2003). However, a later study exam-
ining varying UV and PAR exposure on the photobiology of H. johnsonii
reported that UVP levels did not differ between treatments with PAR or
PAR plus UVB or UVA, but responded to overall PAR levels (Kunzelman
et al, 2005). These authors suggested that the flavonoids may have
additional physiological roles other than solely UV protection.

Here we used controlled mesocosm experiments to investigate the
physiological responses of H. johnsonii to hyposaline and hyper-CDOM
conditions over short (1 day, 1 week) and longer (1 month) periods of
time. We hypothesized that the presence of CDOM in the media may
increase the tolerance of H. johnsonii to salinity stress by decreasing
UV irradiance therefore decreasing the need to allocate energy to the
production of flavonoids. This hypothesis assumed that flavonoids
function primarily as sunscreens in this plant. Survival, pigment levels
and photosynthetic responses under the varying salinity and CDOM
conditions were assessed. Our goal was to determine how H. johnsonii,
with its very limited geographic but broad habitat distribution, might
react to changes in salinity and optical light quality resulting from
tides, changes in freshwater discharge, stochastic rain events or
hurricanes and whether the response patterns might provide insights
into its unique distribution pattern.

2. Materials and methods
2.1. Plant material

Because of the limited size of our mesocosm system (sixteen 38 1
aquaria in four fiberglass troughs), three 1-month duration experi-
ments were run to increase replication. Halophila johnsonii rhizome
segments of three to five leaf pairs were collected at a shallow site
near Jupiter Inlet, Florida (Lat: 26° 56.692" N, Lon: 80° 04.756” W) on
May 23rd, June 30th, and August 4th, 2006 and planted in clean play
sand in 9x9x9 cm plastic pots The pots were then placed in coolers
containing seawater from the collection site and transported to the
University of North Carolina Wilmington Center for Marine Science in
Wilmington, North Carolina.

2.2. Mesocosm experimental design

Upon arrival at the Center for Marine Science, within 24 hours post
collection, treatment media were added to sixteen 38 | experimental-
treatment aquaria. Treatments were assigned randomly among four
fiberglass mesocosms, which were used as water baths for temperature
regulation. The outdoor mesocosms were oriented in an east-west
direction, to minimize shading from the trough walls. Treatment media
consisted of either de-ionized (DI) water for the non-CDOM treatments
or filtered Black River water for the CDOM (colored dissolved organic

matter, i.e., black water) treatments, to which synthetic sea salts were
added. The Black River, a tributary of the Cape Fear River in North
Carolina, has CDOM levels close to the maximum reported in the
literature (acpom(350)=29.9 m™ !, Kowalczuk et al.,, 2003) and extremely
low levels of nutrients (Mallin et al., 2001). CDOM treatment water was
collected from the Black River 3-5 days prior to plant collection and
filtered through 0.7 pm GF/F filters to remove particulates, such as
detritus or plankton (e.g. chlorophyll), which may have influenced light
attenuation. Instant Ocean® salts were added to each base media to
achieve treatment salinities of 10, 20 or 30. There were three aquaria
assigned to each treatment salinity and CDOM treatment (n=3). The
CDOM treatments are designated with a B. In addition, there was a single
salinity 30 black-water treatment, which served as a black-water control.
Nutrients were added to all treatment media in the formulation of Von
Stosch's nutrient enrichment media to eliminate nutrient limitation
effects.

Twelve potted Halophila johnsonii plants were haphazardly
selected and placed in each tank at dusk. The following morning was
designated day 1. A LICOR 2m sensor was placed adjacent to, and at the
level of, the tanks to record incident irradiance levels for days 1, 7 and
28 from 6:00 to 20:00 (one minute intervals, 10 second average). To
determine light field conditions during physiological measurements,
photosynthetically active radiation (PAR) levels were averaged over
the hours from 1000-1300 h, for each day 1, 7 and 28 in treatment. A
SATLANTIC® spectral radiometer was used to measure percent
absorption of light at 412 nm in the non-CDOM and CDOM treatments
at each salinity to determine differences in the short-wavelength light
field at the level of the plant canopy relative to just below the water
surface. Salinity was monitored every two days and adjusted when
necessary, using treatment water (DI or filtered Black River water) or
Instant Ocean® salts. Any debris that landed on the surface of the water
was removed to maintain an unobstructed light field for each tank.

2.3. Photosynthetic measurements

After 1, 7 and 28 days of treatment, four plants from each replicate
treatment aquarium were randomly chosen for measurement. A pulse
amplitude modulated (PAM) fluorometer (Mini-PAM or Diving-PAM,
WALZ GmbH) was used to generate rapid light curves (RLC). The RLC was
initiated by attaching a dark leaf clip (DIVING-LC) to the second leaf pair
back from the rhizome apical meristem. The leaf clip held the PAM fiber
optic 5 mm from the surface of the leaf blades. Eight consecutive light
levels 0f 92,186, 341, 531, 752, 1143, 1573 and 2406 umol photons m 25"
were applied at 10 s intervals. An effective yield measurement (®psy;) was
taken using a saturation pulse of 0.8 s, before the actinic light was
applied (~quasi-darkness, Ralph and Gademann, 2005), and at the end
of each 10 s irradiance step, resulting in nine ®pg; measurements. All
measurements were conducted between 1000-1300 h. Relative electron
transport rate (rETR) was estimated using the following equation:

TETR =pgy x PAR% 0.5

where PAR is the actinic photosynthetically active radiation generated
by the internal halogen lamp of the PAM and 0.5 assume the photons
absorbed by the leaf are equally partitioned between PSII and PSI
(Genty et al., 1989).

To determine rETR,ax, @ (initial slope) and 3 (down-regulation),
values for rETR and the stepwise PAR values of the rapid light curves
were applied to a double exponential decay function (Platt et al., 1980).

rETR = P; (1—e‘<04PAR/ Ps)) o(PPAR/P)

The P value is a scaling factor which was in turn used to calculate
rETRax (Platt et al., 1980).

TETRmax = Ps[ot/ (o 4 B)][B/ (o + BH([S/&)
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In cases where no down-regulation occurred (3=0), Ppnax=Ps
calculated via the initial equation. All calculations were performed
using SAS 9.1°.

2.4. Pigment and morphometric measurements

Following the RLC measurement, the leaf pair was removed from
the plant and blade length and width (mid-blade) were measured to
determine leaf area which was calculated using the equation for the
area of an ellipse [(length/2)(width/2)m]. Each leaf pair was then
crushed with a mortar and pestle in 6 ml of 95% acetone on ice to
extract pigments. Ground leaf tissue was extracted in a refrigerator
overnight in the dark and the absorbance of the supernatant
measured in a 1 cm quartz cuvette the following morning. Absorbance
from 300-800 nm was measured using an Ocean Optics® spectrometer
and a Mini-D2T® halogen/deuterium light source. The resulting
absorbance spectra were then used to calculate chlorophyll a and b
concentrations by applying the following dichromatic equations:

[chla] =11.93 (A664) -1.93 (A647)

[Chlb] = 2036(AG47) - 5.50(A554)

Relative UV pigment content was estimated by calculating the
average absorbance between 341 to 345 nm (As41-Asss). UVP content
for only months 1 and 3 were calculated; month 2 data were discarded
due to an instrument malfunction; Months 1 and 3 represent early
summer and late summer, respectively.

2.5. Statistical analyses

One-way ANOVA tests were run on the physiological and biological
variables to determine if variation among subsamples within treatment
replicates was significant; as no significant differences were detected in
any of the physiological parameters, all pseudo-replicates within each
replicate were pooled. The three 1-month duration experiments were

then compared to determine if variation across time was significant;
where no significant differences occurred between months, values from
those months were pooled for those parameters. For the photosynthetic
measurements, physiological parameters within each treatment were
not significantly different from each other between experimental months
2 (June-July) and 3 (July-August). The first experimental month (May-
June) values were significantly different from both later months.
Therefore, months 2 and 3 were pooled and were designated “late
summer” as they were run from late June through August and month 1
results were designated “early summer” as they represented plants
collected in the end of May. Two-way ANOVAs were used to examine the
significance of the main treatment effects: salinity and color, and
treatment interactions (salinity x color) with a 95% probability level at
each time event (1 day, 1 week and 1 month at treatment) individually for
early and late summer. Values reported, unless otherwise noted, are
calculated from the type IIl sums of squares. To compare variation at each
treatment among time events, one-way ANOVA was applied. In cases
where tests for normality failed, Kruskal Wallis one-way ANOVA on ranks
was applied. This was also used to compare the individual treatments at
each time event between late and early summer, for which type Il sums of
squares are reported to account for the unequal sample sizes between the
late and early summer groups. In cases where differences were significant
(p<0.05), Dunn's all-pairwise multiple comparisons tests were used to
determine wherein those differences occurred. All statistical analyses
were performed in SAS 9.1 or SigmaStat® 3.5.

3. Results
3.1. Mortality and morphometrics

No plants in the salinity 10 treatments survived past day 14 in any
of the three 1-month runs. Mortality was low in the salinity 20 and 30
treatment plants, ranging from 4-8% of the total plants in each salinity
(20 and 30) treatment over the 28-day experimental period, and there
were no significant differences in mortality between these treatments
over the three 1-month experimental periods.
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Fig. 1. Halophila johnsonii average values (+sterr) for o (top) and rETR,x (bottom) for early (a, b) and late (c, d) summer over the experimental period. Treatments are salinity 10
(unfilled), 20 (light grey) and 30 (dark grey) and non-color (solid) and colored (B) (hatched).



A.E. Kahn, M.J. Durako / Journal of Experimental Marine Biology and Ecology 367 (2008) 230-235 233

Morphometric measurements of the sampled leaves were not
significantly different among treatments at day 1, day 7 or at the end
of the experimental period (28 days), nor did they vary significantly
among the three months. The average blade length and width
(£stdev) were 12.9 mm (£0.93) and 2.15 mm (+0.21) respectively
and the average leaf area was 21.8 mm? (+2.7).

3.2. Photosynthetic responses

3.2.1. Early summer

Early summer plants exhibited greater values of rETR,.x over the
course of the experiment than did late summer plants (compare Fig. 1b
and d). In both CDOM and non-CDOM salinity 20 and 30 treatments, the
greatest values of rETR,.x among the three sampling periods were
observed on day 28; significantly so in treatments 20 and 30 compared
to day 1 (Fig. 1b, F=8.38, p=0.007 and F=5.59, p<0.001 respectively).
The values of rETR,.x on day 28 for the 20B and 30B treatments were
slightly lower than the non-CDOM treatments. Salinity treatments 20
and 30 had significantly higher values of o on day 1 than days 7 or 28
(Fig.1a,F=13.73,P<0.001 and F=21.51, p<0.001, respectively). Although
on day 28 o values were greater in the non-CDOM than CDOM treat-
ments in both salinities, the differences were not significant. In salinity
10, both CDOM and non-CDOM treatments exhibited a significant

decrease in a from day 1 to day 7 (Fig. 1a, F=47.32, p<0.001). Also, in
both treatments 10 and 10B, rETR,.x values were slightly, but not
significantly greater on day 7 than day 1 (Fig. 1b). For plants in salinity 20
and 30 treatments that survived the 28-day experimental period, there
were no significant treatment effects detected for any of the photo-
synthetic parameters within each time period (day 1, 7, 28).

3.2.2. Late summer

Both rETRax and o exhibited significant decreases from day 1 to
day 7 for all salinity treatments (Fig. 1c and d, rETRyax: F=38.77,
F=23.53, F=29.38, all p<0.001; o: F=19.80, F=13.34, F=17.70, all
p<0.001 for salinity treatments 10, 20 and 30, respectively). Within
each time period (day 1, 7 and 28), rETR,,.x Values were greater, though
not significantly, at salinity 20 than 30 and 10 on day 7 and remained
slightly greater by day 28 (Fig. 1d). No significant CDOM effects were
observed among treatments for any of the parameters on any of the
days nor were there any significant CDOM x salinity interactions.

3.3. Pigment analyses
3.3.1. Early summer

There was no significant CDOM effect for any pigments on day 1
(Fig. 2a, b and c). UVP levels on day 1 were higher, though not
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Fig. 2. Halophila johnsonii average values (+sterr) for chlorophylls a (top) and b (middle) and UVP absorbance (bottom) for early (a, b and c) and late (d, e and f) summer over the
experimental period. Treatments are salinity 10 (unfilled), 20 (light grey) and 30 (dark grey) and non-color (solid) and colored (B) (hatched).
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significantly, in plants in salinity 20, regardless of color treatment
(Fig. 2¢). Day 7 UVP values were significantly greater in both salinity 10
and 20 treatment plants than salinity 30 (F=4.65, p=0.0156). There was
again, no CDOM effect observed. By day 28, plants in salinity 30 showed
lower levels of UVP than salinity 20 plants, though it was not significant.
There were also no significant CDOM or CDOM xsalinity interaction
effects. Day 1 values for chlorophyll a in all salinities (10, 20 and 30) were
significantly greater than days 7 or 28 (Fig. 2a, F=18.03, p<0.001;
F=10.42, p<0.001; and F=9.11, p<0.001 respectively). Values for UVP
were also significantly greater on day 1 than either day 7 or 28 for all
treatments (Fig. 2c, F=33.51, F=63.59, F=16.25, all p<0.001 for salinity
10, 20 and 30, respectively).There were no significant differences in
chlorophyll b observed among treatments on any measured day over the
duration of treatments (Fig. 2b). Although there was a general decline in
chl b from day 1 to day 28, the change was not significant.

3.3.2. Late summer

On day 1, in late summer, there were no significant differences in
pigment characteristics among any treatments (Fig. 2d, e and f). From
day 1 to day 7, there were decreases in chlorophyll a and b and UVP
levels observed in all treatments. On day 7, plants from treatment
salinity 10 had significantly lower concentrations of chlorophylls a
and b than those from the other two salinity treatments (Fig. 2d and e,
F=12.92, p<0.001, and F=7.61, p=0.0015, respectively). These plants
also had significantly lower UVP levels than plants at salinity 20 or 30
(Fig. 2f, F=9.22, p<0.001). No significant differences were observed
among the two remaining treatments by day 28 and there were no
significant differences observed between CDOM and non-CDOM
treatments during the entire month-long experimental periods. Day
1 concentrations of both chlorophyll a and b were significantly greater
in late summer than early summer in all treatments (Fig. 2d and e
compared to 2a and b, F=48.22 and F=15.77, respectively p<0.001 for
both), but there was no significant difference in UVP levels between
the two periods (compare Fig. 2c and f).

3.4. Irradiance

Average mid-day values for irradiance (PAR) in early and late
summer are shown in Fig. 3. For sampling days 7 and 28, early summer
values of PAR were significantly greater than late summer (p<0.05). In
early summer, days 7 and 28 PAR values were significantly greater
(p<0.05) than day 1. There was no significant difference between day 7
and 28 values in the early summer. In the late summer, average PAR on
day 28 values was significantly lower (p<0.05) than at days 1 or 7, which
were not significantly different from each other. There were no sig-
nificant differences in percent absorption of surface irradiance at 412 nm

2500
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5004
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Fig. 3. Average (+stdev) PAR levels for early (filled circles) and late (open circles)
summer on each day of treatment (n=180).

the CDOM treatment among salinity treatments, although the values
increased with decreased salinity (46%+2.7, 47%+6.8, 49%+5.3 reduc-
tion relative to subsurface irradiance for salinities 30, 20 and 10
respectively). There were also no significant changes in percent
absorption of surface irradiance over the experimental period in the
CDOM treatments. There was a significant difference between light
absorption of 412 nm in the CDOM treatments vs. non-CDOM (average
10%+1.5 reduction relative to subsurface irradiance) treatment
(p<0.001).

4. Discussion

The results of this mesocosm study support previous conclusions
that Halophila johnsonii is not tolerant of prolonged exposure to
hyposalinity conditions (Dawes et al., 1989; Torquemada et al., 2005).
Furthermore, a significant decrease in short wavelength irradiance
from increased CDOM did not significantly affect photophysiological
responses or reduce mortality rates of H. johnsonii in either of our
hyposaline treatments, indicating that decreased UV-stress does not
affect hyposalinity tolerance. All plants died in the salinity 10
treatment within 10 days, regardless of the presence or absence of
CDOM. Thus, within the optical environments created in this study,
decreased short-wavelength irradiance did not significantly affect
survival, physiological responses or morphology in this seagrass.

Halophila johnsonii photophysiology did respond to differences in
PAR levels between our early and late summer experiments and
appeared to acclimate to longer-term (monthly) differences in PAR.
Durako et al. (2003) and Kunzelman et al. (2005) suggested that
H. johnsonii is high-light adapted and exhibits rapid responses in both
alpha and rETR,,x to changes in the light field. Because the PAM
measurements were made during the same time of day within each
replicated one-month experiment, our results show that rETRyax
reflects long-term light history as well. The significantly higher PAR
values observed in the early summer corresponded with the overall
higher values of rETR,.x. Halophila stipulacea also shows an increase
in rETRyax with increased irradiances while H. ovalis exhibits a high
tolerance to high irradiance, exhibiting little mid-day depression in
ETR at high afternoon irradiances (Beer et al., 1998; Beer and Bjork,
2000). Campbell et al. (2007) observed an increase in rETR . with an
increase in photosynthetic flux density for seagrasses in intertidal
habitats. Halophila johnsonii also occurs in intertidal habitats and
responded in a similar manner photosynthetically to the increased
light field of the early summer.

The decrease of pigments, mainly chlorophyll a and UVP between
day 1 and 7 in both early and late summer, is most likely a result of
transplanting stress. Reduction of chlorophyll concentration com-
monly occurs as a general plant response to stress (Carter and Knapp,
2001). Seagrasses also generally decrease chlorophyll concentration
with increased irradiance (Abal et al., 1994; Czerny and Dunton, 1995;
Longstaff and Dennison, 1999) and H. ovalis decreases chloroplast
numbers under increased UV conditions (Dawson and Dennison,
1996). In our study, seasonal higher-light light acclimation may have
been the cause of lower initial levels of chlorophylls a and b in early,
compared to late, summer.

Responses in the UV pigment levels were not consistent between
early and late summer. In early summer there was an increase in UVP
with decreased salinity after 7 days in treatment, however in late
summer, the plants at salinity 10 showed lower levels of UVP than the
other two salinity treatments. This indicates that salinity may affect
flavonoid production, but as it was not consistent among salinity
treatments, other factors may also affect production. It was clear that
differences in UVP levels were not due to decreased levels of UV
irradiance as there were no detectable CDOM effects in any of the
experiments. In contrast, both Halophila ovalis and Thalassia testudi-
num increase UV-blocking pigment levels under increased UV
radiation (Dawson and Dennison, 1996; Detrés et al., 2001). It appears
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that under the optical environment in our study, despite the large
differences in light attenuation at 412 nm between the colored and
non-colored treatments, UVP levels in H. johnsonii did not respond to
the change in UV light field. This supports the conclusion of Kunzelman
et al. (2005) that in Halophila johnsonii the primary physiological role
of the flavonoids may not be UV protection.

Halophila johnsonii produces a suite of flavonoids that exhibit very
high absorption relative to chlorophyll indicating that they probably
serve an important physiological function, one of which may be as UV-
protective pigments (Durako et al., 2003; Krzysiak, 2006). However,
flavonoids are known to have other ecological and physiological
functions (Rozema et al,, 2002), including acting as anti-oxidants and
growth regulators and flavonoid production may increase in response to
general plant stress (Yamasaki et al., 1997; Harborne and Williams, 2000).
Our study does not support their primary role as a UV-photoprotector,
but does suggest that changes in environmental conditions (e.g., salinity)
contribute to variations in the production of these flavonoid compounds.

Salinity stress in our experiments was not mitigated by a decrease
in UV-radiation (increased CDOM) as H. johnsonii continued to invest
energy in production of the flavonoids regardless of the level of UV
exposure. Our results indicate that prolonged hyposalinity, either due
to regulated freshwater discharge or hurricanes/stochastic storm
events, may be the most detrimental impact for this species and is an
important environmental aspect to manage to maintain suitable
habitat for H. johnsonii. It is also clear that the flavonoid compounds
produced by H. johnsonii serve another (or multiple other) physiolo-
gical functions in this seagrass. To better understand the large meta-
bolic investment in the production of these carbon-rich compounds,
further investigations into production-pathways, allocation and
localization of the flavonoids are needed.

Acknowledgements

This study was funded by NOAA grant WC133F05SE7306. The
authors would like to than ].L. Beal from Florida Fish and Wildlife
Conservation Commission for assistance with collection and use of the
FFWCC boat as well as DEP CAMA for facilities and assistance from
staff. [SS]

References

Abal, E.G., Loneragan, N., Bowen, P, Perry, CJ., Udy, JW. Dennison, W.C,, 1994.
Physiological and morphological responses of the seagrass Zostera capricorni
Ascherts. to light intensity. J. Exp. Mar. Biol. Ecol. 178, 113-129.

Beer, S., Bjork, M., 2000. Measuring rates of photosynthesis of two tropical seagrasses by
pulse amplitude modulated (PAM) fluorometry. Aquat. Bot. 66, 69-76.

Beer, S., Vilenkin, B., Weil, A., Veste, A. Susel, L., Eshel, A., 1998. Measuring
photosynthetic rates in seagrasses by pulse amplitude modulated (PAM) fluoro-
metry. Mar. Ecol. Prog. Ser. 174, 293-300.

Caldwell, M.M., Bjorn, L.O., Bornman, J.F,, Flint, S.D., Kulandaivelu, G., Teramura, A.H.,
Tevini, M., 1998. Effects of increased solar ultraviolet radiation on terrestrial
ecosystems. J. Photochem. Photobiol. 46, 40-52.

Campbell, S.J., McKenzie, L., Kerville, S.P., Bité, ].S., 2007. Patterns in tropical seagrass
photosynthesis in relation to light, depth and habitat. Estuar. Coast. Shelf Sci. 73,
551-562.

Carter, G., Knapp, A.K,, 2001. Leaf optical properties in higher plants: linking spectral
characteristics to stress and chlorophyll concentration. Am. J. Bot. 88, 677-684.

Czerny, A.B., Dunton, K.H., 1995. The effects of in situ light reduction on the growth of
two subtropical seagrasses, Thalassia testudinum and Halodule wrightii. Estuaries
18, 418-427.

Dawes, CJ., Lobban, C.S., Tomasko, D.A., 1989. A comparison of the physiological ecology
of the seagrass Halophila decipiens Ostenfeld and H. johnsonii Eiseman from Florida.
Aquat. Bot. 33, 149-154.

Dawson, S.P., Dennison, W.C., 1996. Effects of ultraviolet and photosynthetically active
radiation on five seagrass species. Mar. Biol. 125, 629-638.

Detrés, Y., Armstrong, R.A., Connelly, X.M., 2001. Ultraviolet-induced responses in two
species of climax tropical marine macrophytes. J. Photchem. Photobiol., B Biol. 62,
55-66.

Durako, M.J., Kunzelman, J.I, Kenworthy, W.J., Hammerstrom, K.K., 2003. Depth-related
variability in the photobiology of two populations of Halophila johnsonii and Ha-
lophila decipiens. Mar. Biol. 142, 1219-1228.

Genty, B., Briantais, J.M., Baker, N.R., 1989. The relationship between the quantum yield
of photosynthetic electron transport and quenching of chlorophyll fluorescence.
Biochim. Biophys. Acta 990, 87-92.

Harborne, ].B., Williams, C.A., 2000. Advances in flavonoid research since 1992.
Phytochemical 55, 481-504.

Kenworthy, W.J., 1992. The distribution, abundance and ecology of Halophila johnsonii
Eiseman in the lower Indian River, Florida. Final report to the Office of Protected
Resources. National Marine Fisheries Services, Silver Spring, MD. 80 pp.

Kirk, J.T., 1994. Light and Photosynthesis in Aquatic Ecosystems. second edition.
Cambridge University Press, Cambridge UK (22pp).

Kowalczuk, P., Cooper, W.J., Whithead, R.F, Durako, M.., Sheldon, W., 2003.
Characterization of CDOM in an organic rich river and surrounding coastal ocean
in the South Atlantic Bight. Aquat. Sci. 65, 381-398.

Krzysiak, A.J., 2006. The isolation and characterization of natural products from marine
plants and microorganisms. MS thesis, the University of North Carolina Wilming-
ton, Wilmington, NC.

Kunzelman, J.I, Durako, MJ., Kenworthy, W,]., Stapleton, A., Wright, J.L.C., 2005.
Irradiance-induced changes in the photobiology of Halophila johnsonii. Mar. Biol.
148, 241-250.

Longstaff, B.J., Dennison, W.C., 1999. Seagrass survival during pulsed turbidity events:
the effects of light deprivation on the seagrasses Halodule pinifolia and Halophila
ovalis. Aquat. Bot. 65, 105-121.

Mallin, M.A., Cahoon, LB., Parsons, D.C., Ensign, S.H., 2001. Effect of nitrogen and
phosphorus loading on plankton in Coastal Plain blackwater streams. ]. Freshw.
Ecol. 16, 455-466.

Meng, Y., Krzysiak, AJ., Durako, M., Kunzelman, J.I, Wright, J.L.C., 2008. Flavones and
flavone glycosides from the sea grass Halophila johnsonii. Phytochemistry 69,
2603-2608.

Nielsen, T., Ekelund, N.G.A., 1993. Effect of UV-B radiation and humic substances on
growth and motility of Gyrodinium aureolum. Limnol. Oceanogr. 38, 1570-1575.
Platt, T., Gallegos, C.L., Harrison, W.G., 1980. Photoinhibition of photosynthesis in natural

assemblages of marine phytoplankton. J. Mar. Res. 38, 687-701.

Ralph, PJ., Gademann, R., 2005. Rapid light curves: a powerful tool for the assessment of
photosynthetic activity. Aquat. Bot. 82, 222-237.

Rozema, ]., Bjorn, L.O., Bornman, J.F, Gabersc¢ik, A., Hider, D.-P., Trost, T., Germ, M., Klisch,
M., Groniger, A., Sinah, R.P,, Lebert, M., He, Y.-Y., Buffoni-Hall, R., de Bakker, N.V.]J., van
de Staaij, ], Meijkamp, B.B., 2002. The role of UV-B radiation in aquatic and
terrestrial ecosystems- an experimental and functional analysis of the evolution of
UV-absorbing compounds. ]. Photochem. Photobiol., B Biol. 66, 2-12.

Steward, J.S., Virnstein, RW,, Lasi, M.A., Morris, LJ., Miller, ].D., Hall, LM., Tweedale, W.A.,
2006. The impacts of the 2004 hurricanes on hydrology, water quality and seagrass
in the central Indian river lagoon, FL. Estuar. Coast. 29, 954-965.

Torquemada, Y.F, Durako, M.]., Sanchez Lizaso, J.L., 2005. Effects of salinity and possible
interactions with temperature and pH on growth and photosynthesis of Halophila
Jjohnsonii Eiseman. Mar. Biol. 147, 251-260.

Touchette, B.W., 2007. Seagrass-salinity interactions: Physiological mechanisms used by
submerged marine angiosperms for life at sea. J. Exp. Mar. Biol. Ecol. 350, 194-215.

Virnstein, R.W., Morris, LJ., 2007. Distribution and abundance of Halophila johnsonii in
the Indian River Lagoon: an update. Technical Memorandum #51. St. Johns River
Water Management District, Palatka, FL. 16 pp.

Yamasaki, H., Sakihama, Y., Ikehara, N. 1997. Flavonoid-peroxidase reaction as a
detoxification mechanism of plant cells against H,0,. Plant Physiol. 115, 1405-1412.

Zanardi-Lamardo, E., Moore, C.A., Zika, R.D., 2004. Seasonal variations in molecular
mass and optical properties of chromophoric dissolved organic material in coastal
waters of southwest Florida. Mar. Chem. 89, 37-54.



	Photophysiological responses of Halophila johnsonii to experimental hyposaline and hyper-CDOM c.....
	Introduction
	Materials and methods
	Plant material
	Mesocosm experimental design
	Photosynthetic measurements
	Pigment and morphometric measurements
	Statistical analyses

	Results
	Mortality and morphometrics
	Photosynthetic responses
	Early summer
	Late summer

	Pigment analyses
	Early summer
	Late summer

	Irradiance

	Discussion
	Acknowledgements
	References




