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The seagrass Halophila johnsonii Eiseman grows from the upper intertidal to 3 m depths in habitats
ranging from near-marine inlets to tidal riverine. These habitats have distinct optical characteristics,
primarily due to variable concentrations of watershed-derived chromophoric dissolved organic matter
(CDOM), which increases the attenuation of short-wavelength (blue and UV) light. H. johnsonii contains a
suite of flavonoids that are thought to serve as UV-protective pigments (UVP). In this study,
photosynthetic responses at specific wavelengths were compared between plants from a river-

Keywor.ds"‘ " influenced high-CDOM habitat (Oleta River) and those from an adjacent marine, low-CDOM
Halophila johnsonii . . R o

Seagrass environment (Haulover Inlet) in Florida. Oxygen flux was used to measure dark respiration and
Action spectra photosynthesis under near-constant radiant energy at nine specific wavelengths from 340 to 730 nm.
Photophysiology Riverine plants had higher gross photosynthetic rates and quantum efficiencies than inlet plants at the
UV pigments shortest wavelengths (350, 400 and 450 nm), while inlet plant photosynthetic rates and quantum

efficiencies were higher at the two longest wavelengths measured (694 and 730 nm). Riverine plants
also exhibited greater variation in photosynthetic responses across the spectrum and more variable
pigment levels among replicates. Chlorophyll a and b concentrations were significantly greater in
riverine plants suggesting that they were more shade-acclimated compared to the marine populations.
Differences in wavelength-specific photosynthetic responses and chlorophyll levels indicate that the
riverine plants were blue-shade acclimated. The higher and more variable UVP levels in the riverine
population were not consistent with shade acclimation; however, these flavonoid pigments may protect
chloroplasts from photodamage during short-term, high intensity irradiance conditions that occur over
the course of tidal cycles at this highly fluctuating riverine site.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction habitats, is high and mainly due to variable but relatively high

concentrations of chromophoric dissolved organic matter (CDOM).

Photosynthetic responses to variations in light quality have
been examined in corals, macro- and microalgae and land plants
(Lining and Dring, 1985; Bukhov et al., 1995; Lesser and Lewis,
1996; Mouget et al., 2004). In addition, light quality has been
shown to affect plant growth (Tattini et al., 2004; You and Barnett,
2004; Godinez-Ortega et al., 2008) pigment composition (Franklin
etal., 2001; Mercado et al., 2004; Mouget et al., 2004), and spectral
quantum yields (Liining and Dring, 1985). The light quality and
quantity to which Halophila johnsonii is exposed, is highly variable
among habitat types as this seagrass grows from the intertidal
zone to 3m depths in both marine- and river-influenced
environments in southeastern Florida (Virnstein and Morris,
1996). Variation in light quality, especially in river-influenced

* Corresponding author. Tel.: +1 910 962 2373; fax: +1 910 962 2410.
E-mail address: durakom@uncw.edu (M.]. Durako).

0304-3770/$ - see front matter © 2009 Elsevier B.V. All rights reserved.
doi:10.1016/j.aquabot.2009.06.004

CDOM exponentially absorbs short-wavelength light (UV-blue,
Kirk, 1994). Compared to plants from low-CDOM environments,
differences in light quantity and quality in a river-influenced
environment, particularly at shorter wavelengths, may affect
photosynthetic responses of riverine H. johnsonii populations.
UV-absorbing compounds, such as mycosporine-like amino
acids (MAAs), in other marine photosynthetic organisms, such as
dinoflagellates and red algae, increase under increased short-
wavelength irradiance (Klisch and Hdder, 2002; Korbee et al.,
2005). The green alga Dasycladus increases UV-screening com-
pounds in response to increased UV radiation, as does the seagrass
Thalassia testudinum; though the compounds in these two plants
are different from MAAs (Gomez et al., 1998; Detrés et al., 2001). H.
johnsonii contains UV-absorbing accessory pigments that are
thought to function as UV-protecting pigments (UVPs, Durako
et al., 2003; Kunzelman et al., 2005; Krzysiak, 2006). H. johnsonii
contains a suite of 15 flavonoid compounds, 7 of which were
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previously undescribed (Meng et al., 2008). Flavonoid compounds
are widely distributed in plants and are known to serve as UVPs, as
well as having a variety of other functions (Harborne and Williams,
2000). Durako et al. (2003) observed a decrease in UV-absorbing
pigments when intertidal plants were transplanted into a deeper
habitat and they suggested that in H. johnsonii, the compounds
may play a role in the ability of this species to colonize the upper
edge of intertidal habitats to the exclusion of the co-occurring
subtidal congeneric, Halophila decipiens, which lacks UVPs. Other
studies have suggested that the UVP production in H. johnsonii is a
response to increased photosynthetically active irradiance (PAR) or
that they serve a secondary physiological function and respond to
general stress (Kunzelman et al., 2005; Kahn and Durako, 2008).
However, it is unknown how the presence and variation in
concentration of the UVPs affects photosynthetic responses of H.
johnsonii in habitats of different light quality conditions.

The purpose of this study was to examine wavelength-specific
photosynthetic responses in H. johnsonii from marine-influenced
(low-CDOM) vs. river-influenced (high-CDOM) habitats. Photo-
synthetic pigments and UVP absorbance were also compared
between plants from each site. We hypothesized that decreased UV
stress in plants from high CDOM environments may allow for more
efficient photosynthesis, particularly at shorter wavelengths,
because of the reduced need for UVPs in these plants.

2. Materials and methods

H. johnsonii plants were collected in July 2008 at approximately
1 m depths from a site near Haulover Inlet (25°54'N, 80°07'W) and
a site by the mouth of the Oleta River (25°55’N, 80°07'W) in
northern Biscayne Bay, Florida. Water depth was measured using a
graduated pole (+5cm) at the initiation of sampling. Apparent
optical properties at these two sites were previously determined
during seasonal sampling (Kahn, 2008). Water column irradiance
profiles (10 cm increments) were recorded with a SATLANTIC®
spectral radiometer at seven specific wavelengths: 412, 443, 490,
510, 554 and 665 nm. The spectral light attenuation coefficient
[K4(A)] at 412 nm was calculated as an estimate for CDOM using the
following equation (Kirk, 1994):

_In(E(M)/Eo(2))

Ka(2) 5

where E (1) is the irradiance of a specific wavelength measured at
subsurface and E,(A) is the irradiance at that wavelength at each
given depth, z, with increments of 10 cm. Over a yearlong period,
the two sites consistently exhibited optical conditions character-
istic of river- and marine-influenced environments (Fig. 1; Kahn,
2008).

Rhizome segments of H. johnsonii, containing at least four leaf
pairs, were planted in plastic pots containing sediment from the
site and transported in ambient water to the University of North
Carolina Wilmington Center for Marine Science (Wilmington, NC)
in coolers. Within 24 h after collection, the plants were placed in
tanks of filtered seawater maintained at a salinity of 34 (UNESCO,
1985) in a temperature-controlled greenhouse for 1 week until
used for photosynthetic measurements, which were completed
over a 3-day period.

Leaf pairs from the second node back from the rhizome apical
were haphazardly chosen from separate plants and used as sample
material. Two leaf pairs per site (four blades) were used for each
photosynthesis versus wavelength measurement and a total of six
replicates from each site were performed. Wavelength-specific leaf
photosynthetic responses were determined using oxygen flux
measurements in a Hansatech® oxygen electrode system. Leaves
were placed in the electrode cuvette chamber in 2 ml of seawater
made from Instant Ocean® salts and deionized (DI) water to
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Fig. 1. Annual average spectral diffuse attenuation coefficients [K4(A)] (+standard
error) from quarterly sampling at the Haulover Inlet (grey) and Oleta River (black)
measured at (a) high tide and (b) low tide with a tidal amplitude of ~1 m (from
Kahn, 2008). Note x-axis scale is categorical.

salinity 34 at 25 °C. The seawater was N,-sparged for 10-15 min to
reduce initial oxygen concentration in the chamber to about 25%
saturation (Beer et al., 2001). A circulating temperature-controlled
water bath was used to maintain temperature and the media
within the cuvette was stirred to maintain an even distribution of
gases. The oxygen electrode control box was connected to a
computer, and oxygen concentration measurements were
recorded every 4s using the WINDAQ® program from DATAQ
Instruments Inc.

Photosynthetic responses to spectrally varying radiant energy
were measured at the following nine wavelengths: 340, 400, 450,
500, 550, 600, 650,694 and 730 nm. [llumination was provided by
a 1000W Hg(Xe) bulb (Newport, Oriel Instruments U.S.A.) with a
broad spectral output, housed in a Spectral Energy GM252 high
intensity quarter meter grating monochromator (Spectral Energy
Corporation, Westwood, New Jersey). For all but the 340 nm
wavelength measurements, the monochromator aperture was
fully opened. The full-spectrum light passed through 10 nm full
width-half maximum (FWHM) narrow-bandpass filters (Edmund
Optics®) at each of the eight wavelengths and then through a
variable neutral density filter (Edmund Optics®), which was used
to maintain near-constant radiant energy (60 wW cm~2) at each
wavelength. The 340 nm wavelength irradiance was achieved by
setting the monochromator to 340 nm (10 nm bandwidth) and
adjusting the intensity with the neutral density filter. Radiant
energy levels for each treatment were measured prior to initiating
oxygen measurements using a cosine collector on a 200 wm
diameter fiber optic cable connected to an OceanOptics® USB
2000 spectrophotometer. The spectrometer was calibrated using
SpectraSuite and a calibrated halogen light source (LS-1CAL,
OceanOptics®).
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Preliminary experimental trials and linear regression analyses
were done to examine changes in oxygen-flux rates over time in
the varying wavelength treatments to determine times required to
reach steady-state dark respiration and photosynthetic rates (data
not shown). We also verified that respiration rates did not change
between light treatments (data not shown), so initial respiration
rates were used for all gross photosynthesis calculations. For each
sample, leaves were placed in the oxygen electrode cuvette and
maintained in the dark for 5 min after which time respiratory
oxygen consumption was measured for an additional 5 min. The
leaves were then exposed for 3 min to each of the nine light
treatments from 340 to 730 nm. Linear regression analyses of the
rate of change in oxygen over time were performed in Sigma-
Plot®10.0. For the light treatments, oxygen flux was measured
during the last 2 min at each treatment wavelength; the initial
1 min was necessary to establish steady-state oxygen fluxes in the
chamber at each new treatment. Gross photosynthesis was
calculated by adding respiratory oxygen consumption to the net
rate of photosynthesis at each light treatment (wmol O, h™").
Following photosynthetic measurements, each leaf blade width
and length were measured to calculate total leaf area using the
equation of an ellipse. Leaves were then ground in cold 95%
acetone using a mortar and pestle for pigment extraction. After 4 h
onice in the dark, the supernatant was transferred to a 1 cm quartz
cuvette and the absorbance of the extract from 300 to 800 nm was
measured using an Ocean Optics® spectrometer and SpectraSuite
software (Durako et al., 2003). The UVP absorbance was measured
from 341 to 345 nm (Durako et al., 2003; Kunzelman et al., 2005).
The concentrations of chlorophyll a and b were calculated using the
following dichromatic equations (Jeffrey and Humphrey, 1975)
and normalized to total leaf area used in each replicate:

g chla = 1193(A664) — ]93(A547)

e chlb = 2036(A647) — 550(A664)

Gross photosynthesis for each replicate was normalized to the
total chlorophyll a concentration (wg) in the leaf tissue (four
leaves) in the oxygen chamber. To compare quantum efficiencies
of photosynthesis for each population among wavelengths,
radiant energy values (60 wW cm~2) were converted to quantum
fluxes (photons cm~2s~!) at each wavelength in SpectraSuite
using an area integration for the 10 nm FWHM peak width, an
integration time of 3000 ms and the average of 5 scans per
measurement.

One-way ANOVA was used to examine variation in chlorophyll
concentrations and UVP absorbance between the two sites. When
significant differences were obtained with a 95% confidence limit,
Tukey tests for all pair-wise multiple comparisons were applied. A
two-way ANOVA was applied to examine main effects and
interactions between-sites and among-wavelengths on the varia-
bility of gross photosynthesis and quantum efficiencies. t-Tests
were performed to examine differences in specific wavebands
between the sites and between specific wavebands within a site.
All statistical analyses were performed in SigmaStat® 3.5.

3. Results

Total leaf areas used for the oxygen measurements were not
significantly different between the two sites (P = 0.570). Two-way
ANOVA indicated that wavelength (P = 0.01) and site x wavelength
interactions (P = 0.02) were significant sources of variability in H.
johnsonii quantum efficiencies, but that site was not a significant
main effect (P=0.06). Quantum efficiencies in plants from Oleta
River were significantly greater (P=0.02) at the three shortest
wavelengths (340, 400 and 450 nm) compared to the longest
wavelengths (694 and 730 nm) with the intermediate wavelength
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Fig. 2. Halophila johnsonii: average (+standard error) photosynthetic response from
the Haulover Inlet (grey) and Oleta River (black) populations at the nine wavelength
treatments (n=6) (a) quantum efficiency (normalized to irradiance as
photons cm2 s~ 1) and (b) gross photosynthetic rate at a near-constant radiant
energy of 60 WW cm 2.

treatments having intermediate quantum efficiencies (Fig. 2(a)). In
contrast, quantum efficiencies of Haulover plants exhibited no
significant among-wavelength variability between 400 and 730 nm
(Fig. 2(a)), despite the apparent peak at 340 nm. The main effects of
wavelength and site did not significantly effect variability in gross
photosynthetic rates (P=0.06 and 0.1), but there was significant
site x wavelength interaction (P=0.02). H. johnsonii from the
Haulover site had significantly greater (P = 0.05) gross photosynth-
esis at 694 nm than the Oleta plants (Fig. 2(b)). At the shorter
wavelengths of 340, 400 and 450 nm, H. johnsonii from Oleta River
had consistently higher average rates of gross photosynthesis than
the Haulover plants (Fig. 2(b)), though the differences were not
significant (P = 0.3, 0.5 and 0.8, respectively). This was likely due to
the greater variation in photosynthetic responses at the shorter
wavelengths (Fig. 2) in the Oleta River plants compared to the
Haulover Inlet replicates.

Chlorophyll a and b concentrations (Table 1) were significantly
greater in Oleta River than Haulover Inlet leaves (P = 0.04 and 0.02,

Table 1

Halophila johnsonii: average concentrations (+standard deviation) of chlorophyll a
and b (g chl mm~2 leaf area), ratio of chlorophyll b:a, and UVP absorbance (per mm?
leaf area) of plants from each site used in experiments.

Site chl a chl b chl b:a uve
Oleta River 0.149 + 0.05 0.064 + 0.02 0.432 + 0.04 0.012 + 0.003
Haulover Inlet 0.092 + 0.01 0.037 + 0.01 0.394 + 0.03 0.007 + 0.002
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respectively). Although on average it was slightly higher in Oleta
River plants (Table 1), the ratio of chl b:chl a was not significantly
different between sites (P=0.08). UVP values were also signifi-
cantly greater in the river plants compared to inlet plants
(P=0.01). UVP absorbance for H. johnsonii from Oleta River
exhibited greater variation among replicates ranging from 0.016 to
0.009, whereas UVP absorbance values from Haulover Inlet
samples were relatively constant, ranging only from 0.009 to
0.005 (Table 1).

4. Discussion

Wavelength-specific  photosynthetic responses differed
between the riverine and inlet populations of H. johnsonii
examined in this study, with the greatest differences occurring
at the three shortest wavelengths (340, 400 and 450 nm) and
694 nm. The differences in wavelength-specific photosynthesis,
chlorophyll concentration and UVP absorbances are likely accli-
matory responses of the two populations to the distinct optical
environments in which they grow. The wavelength-specific
photosynthetic responses mirror the comparatively greater
increase in spectral diffuse attenuation coefficients [Ky(A)] with
decreasing wavelength at the riverine site (Fig. 1), reflecting higher
CDOM levels at this site. These differences indicate that there is a
spectral component in the light acclimation of H. johnsonii. The
Oleta river plants are most photo-efficient (i.e., shade-acclimated)
at the least available wavelengths in their CDOM-rich environment
and thus, may be considered blue-shade acclimated.

The Oleta River plants also had higher, but more variable,
chlorophyll and UVP levels than plants from Haulover Inlet. Higher
chlorophyll levels are indicative of shade acclimation, whereas
higher UVP levels are more characteristic of a sun-acclimated
response. Figueroa et al. (2003) observed a significantly greater
amount of UV-absorbing compounds in sun-adapted vs. shade-
adapted Porphyra (a red alga) and increased photosynthesis of sun
vs. shade plants at high light has been observed in terrestrial plants
(Bukhov et al., 1995). The spectral attenuation coefficient [Kz(A)] at
412 nm at the Oleta River site is about twice that of the Haulover
Inlet site at both high and low tides (Fig. 1). This reflects differences
in the quantity and quality of light between the two environments
with a greater penetration of short-wave radiation at the Haulover
site. Changes in light quantity and quality can lead to changes in
accessory pigment composition in seagrasses and macroalgae,
with increased synthesis of accessory pigments or UV-absorbing
compounds under blue wavelength light or increased UV radiation
(Gémez et al., 1998; Detrés et al., 2001; Godinez-Ortega et al.,
2008). In our study, the differences in UVP levels between the two
populations suggest that H. johnsonii from the riverine population
was more high-light adapted than plants from the inlet population.
However, the increased levels of chlorophyll in riverine plants and
spectral attenuation of light at the riverine site suggest otherwise.
Increased chlorophyll concentrations and greater leaf areas are
characteristics of shade adaptations (Andrews et al., 1984;
Goldsborough and Kemp, 1988; Czerny and Dunton, 1995).
Although leaf pairs used in this study had similar leaf areas, a
seasonal study of H. johnsonii reported both greater leaf area and
higher chlorophyll concentrations in plants from the Oleta River
compared to the Haulover Inlet site (Kahn, 2008). River-influenced
populations of H. johnsonii may be shade adapted (high chlorophyll
concentrations, larger leaf area) in terms of their long-term light
history, but may additionally exhibit shorter term acclimatory
responses (e.g., downregulation of quantum yields, Kahn, 2008) to
daily extremes in the light environment driven by changes in tidal
depth (Virnstein and Morris, 1996) and CDOM concentration. The
high variability of chlorophyll and UVP levels in the riverine
population may reflect the proportionally higher degrees of

fluctuation in environmental characteristics, including the light
field, at the Oleta River site (Kahn, 2008).

Although the study by Durako et al. (2003) suggested that
decreased UV radiation resulted in a decrease in UVP production in
H. johnsonii, a subsequent study by Kunzelman et al. (2005)
observed no change in UVP accumulation between PAR only and
PAR + UV treatments and suggested that UVP production in this
species responded to overall changes in irradiance. Results from a
mesocosm study by Kahn and Durako (2008) also support this as
no decrease in UVP was observed in treatments with increased
CDOM, but UVP absorbance was higher when day-lengths were
longer. Gould et al. (1995) observed that flavonoids in understory
plants may respond to short-term exposure to high-intensity
sunflecks rather than to the average light field. They further
suggested that these compounds protect chloroplasts, which are
shade-adapted, during these high-intensity, short-term exposures
to increased irradiance (Gould et al., 2000). Oleta River Halophila
johnsonii plants have higher concentrations of chlorophyll that
may increase photosynthetic efficiency under the chronic lower
light levels that characterize river-influenced environments, but
these plants may be exposed to high light (sunflecks) during mid-
day low tides and periods of low river discharge (decreased
CDOM). The flavonoids in H. johnsonii may protect shade-
acclimated chloroplasts during the shorter term exposures to
intense irradiance (i.e., acclimation to the variance rather than to
the mean). Thus, the higher and more variable concentration of
flavonoids in the Oleta River plants compared to the Haulover Inlet
plants may be a response to the relatively greater variability of
environmental factors such as light and salinity, which can
undergo extreme changes on short-temporal scales in the river-
influenced tidal lagoon environment.
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