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Abstract The threatened seagrass Halophila johnsonii
grows intertidally to 3 m deep in river-influenced and
marine-influenced habitats. In this study, environmental
parameters and photosynthetic characteristics of H. johnso-
nii were measured hourly for populations from adjacent
riverine and marine habitats under opposite tidal regimes
(high tide at midday, low tide at midday). The two popula-
tions exhibited habitat-specific diurnal responses, which
indicate long-term acclimatization to their different environ-
ments. During periods with similar bottom irradiances, ef-
fective photochemical efficiencies and chlorophyll
concentrations were comparatively greater in the riverine
population, indicative of low-light acclimation. In addition,
ultraviolet pigment absorbance (340–345 nm) was generally
greater in the riverine plants and it generally increased
following ebb tides and decreasing salinity, suggesting a
stress response. Multivariate analyses indicated that photo-
synthetic characteristics were most dissimilar when environ-
mental conditions were most dissimilar, i.e., riverine plants
when low tide occurred at midday compared to marine
plants when high tide occurred at midday. Salinity, photo-
synthetically active radiation, and optical water quality
(K0PAR, SCDOM, and a412) were most correlated with vari-
ability in photosynthetic characteristics. As there is no

significant genetic variation among populations of H. john-
sonii, the photosynthetic characteristics of the riverine and
marine populations we examined reflect acclimation to their
respective habitats through a highly phenoplastic physiology.

Keywords Halophila johnsonii . Seagrass . Acclimation .

Physiological plasticity

Introduction

Organisms that inhabit estuarine environments are subject to
wide fluctuations in water quality. Tidally induced varia-
tions in water depths and water influxes from marine and
freshwater systems also change the quantity and quality of
light available to benthic organisms (Kenworthy and
Haunert 1991; Gallegos and Kenworthy 1996). In order to
successfully establish in such habitats, submerged aquatic
vegetation must be able to acclimatize to short-term changes
in a variety of environmental parameters. Halophila johnsonii
Eiseman is a seagrass that occurs from the upper intertidal,
where it can be exposed during low tides, to 3 m deep and
occupies diverse habitats in close proximity to both freshwater
(riverine) and marine (inlet) inflows (Kenworthy 1992;
Virnstein and Morris 2007). No sexual reproduction has been
observed or described for this species (York et al. 2008). Thus,
H. johnsonii recruits and establishes new patches via fragmen-
tation and clonal growth (Eiseman and McMillan 1980; Hall
et al. 2006). In addition, there is no significant genetic varia-
tion along its limited latitudinal range on the east coast of
Florida (Kenworthy 1992), suggesting that geographically
separated populations of H. johnsonii are not genetically
distinct (Melton 2004). Due to its limited distribution, low
abundance, and apparent lack of sexual reproduction, this
seagrass is listed as threatened under the Endangered
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Species Act (Federal Register 1998), the only marine plant so
listed.

H. johnsonii contains 15 flavonoid compounds (Meng et
al. 2008), which may function as ultraviolet-protective pig-
ments (UVPs) or antioxidants in response to high irradiance
levels or salinity stress (Durako et al. 2003; Kunzelman et
al. 2005; Kahn and Durako 2008, 2009b, Gavin and Durako
2011). Subtidally, H. johnsonii commonly occurs inter-
mixed with Halodule wrightii Ascherson and the congener-
ic, Halophila decipiens Ostenfeld. H. decipiens does not
occur in the upper intertidal zone. This does not seem to
be due to differing desiccation tolerances between the two
species (Kahn and Durako 2009b), but may be due to the
absence of UVPs in H. decipiens (Durako et al. 2003).

H. johnsonii does not tolerate prolonged exposure to low
salinity (Dawes et al. 1989; Torquemada et al. 2005; Kahn
and Durako 2008). However, riverine-influenced popula-
tions can be exposed to short-term fluctuations in salinity
down to below 10 during times of increased freshwater
outflow (Kahn 2008). Freshwater inflow also typically
causes a change in optical properties of the water column,
primarily from terrestrially derived runoff, which contains
high levels of chromophoric dissolved organic matter
(CDOM) (Zanardi-Lamardo et al. 2004). Short wavelength
(blue and UV) light is absorbed by CDOM to a much greater
extent than longer wavelengths, producing a change in the
optical light quality of the environment (Kirk 1994). H.
johnsonii populations from riverine locations exhibit differ-
ing photosynthetic responses to variations in spectral light
quality compared to populations near marine inlets, espe-
cially at shorter wavelengths (Kahn and Durako 2009a).
Differences in pigment contents and spectrally distinct pho-
tosynthetic responses between the two populations suggest
that inlet populations are sun-acclimated (low CDOM) and
riverine populations are blue light shade-acclimated (high
CDOM). This physiological acclimation to the distinct op-
tical environments has probably occurred over relatively
long time scales, on the order of weeks to months, as
indicated by significant population differences in other
sun/shade parameters, such as leaf size and chlorophyll
concentration, both of which are greater in the riverine
plants (Kahn and Durako 2008). On a shorter time scale,
Durako et al. (2003) observed significant changes in photo-
synthetic capacity and UV-absorbing pigment content in
reciprocal transplants between intertidal and subtidal (2 m)
H. johnsonii after 4 days. However, it is unknown whether
this species has the ability to physiologically acclimate
to diurnal or tidally induced environmental variations
(hours).

The goal of this study was to determine whether H.
johnsonii exhibits habitat-based (riverine versus marine)
acclimation to diurnal and tidal variations in environmental
parameters. To determine habitat influence, we compared

the variation in environmental parameters and plant photo-
synthetic characteristics between adjacent populations from
a riverine-influenced and marine-influenced habitat. In ad-
dition, we sought to understand the temporal limits of photo-
physiological plasticity of this species by measuring
photosynthetic characteristics of H. johnsonii in each habitat
at hourly intervals under opposite tidal regimes.

Materials and Methods

Study Location and Sampling Regime

A site near Baker’s Haulover Inlet (25°54.198′ N, 80°07.729′
W) was chosen as the oceanic-influenced inlet station and a
site near the mouth of the Oleta River (25°55.732′ N,
80°07.861′ W) was chosen for the river-influenced station.
Both sites are located in northern Biscayne Bay in North
Miami Beach, Florida. Previous seasonal sampling indicated
that these two sites, despite being only 5.5 km apart, consis-
tently exhibit distinct water quality characteristics (unpub-
lished data). Sampling was performed on October 16 and
24, 2006 and again on June 4 and 11, 2007. In both months,
the two sites were sampled 1 week apart on a day at which
high tide occurred midday and again on a day where low tide
occurred midday. Each station at the two sites was visited
every hour over the course of 8 h, beginning between approx-
imately 0830–0930 hours in the morning with an approximate
30-min offset between the inlet and river sample times. Due to
a late afternoon lightning storm, the June low tide at midday
sampling only extended for 7 h of the 8 h.

Environmental Data Collection

Every hour at each station, a YSI conductivity/temperature
probe was used to measure surface and bottom salinity and
temperature and a LICOR scalar quantum sensor was used
to measure surface and bottom photosynthetically active
radiation (PAR). Water depth was measured using a cali-
brated PVC pole and the light attenuation coefficient K0PAR

(per meter) was calculated using the following equation:

Ez Eo ¼ e�K0PARz
�

where Ez is the irradiance at depth z and Eo is the surface
irradiance.

To examine the inherent optical properties (IOPs) at the
sites, bottom water samples were collected every hour at
each station using prerinsed HDPE bottles. Water samples
were kept cold in the dark until the end of the day, at which
time each sample was filtered through a 0.7-μm mesh and
then a 0.2-μm mesh to obtain the CDOM fraction (filtrate).
The spectral absorbance of the filtrate was measured from
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200 to 850 nm in a 10-cm quartz cuvette using a deuterium–
tungsten light source and an Ocean Optics© USB2000
spectrometer (2.1 nm FWHM). The spectrum of each sam-
ple was then used to calculate the absorption coefficients at
each wavelength from the equation:

a lð Þ ¼ 2:3A lð Þ
� �

L=

where A is the absorbance at a specific wavelength (λ), 2.3
is a factor for converting base e to base 10, and L is the
optical path length in meters. We assessed CDOM presence
in the water using the absorption coefficient at 412 nm
(a412).

Another signature for CDOM presence and composition
is the CDOM spectral slope coefficient, SCDOM, from 300 to
500 nm (Kieber et al. 1990). This coefficient is a measure of
how light absorption decreases in relation to wavelength and
is thus an indicator of spectral light quality. An exponential
decay function (Sigma Plot 9.0) was applied to calculate
SCDOM (per nanometer):

aCDOM lð Þ ¼ aCDOM loð Þe�S lo�lð Þ

H. johnsonii Measurements

A diving pulse amplitude modulated fluorometer (WALZ
GmbH, Effeltrich, Germany) was used to obtain in situ
measurements of effective photochemical efficiency of pho-
tosystem II:

F 0
m � F

� �
F

0
m

.
¼ ΔF F

0
m

.

where F is the minimum fluorescence emitted by the non-
actinic measuring light measured under ambient irradiance

and F
0
m is the maximum fluorescence measured after a 0.8-s

pulse of light (Genty et al. 1989). Effective photochemical
efficiencies were measured hourly at each station using leaf
pairs located two nodes back from the rhizome apex on 10
haphazardly selected H. johnsonii plants. The leaves were
then collected and placed in individually tagged bags in a
dark cooler on ice. At the end of the day, morphometric data
from each leaf pair were collected. The total length and the
width at the widest part of the blade were measured, from
which the total leaf area was calculated using the equation
for the area of an ellipse. Each leaf pair was then crushed
with a mortar and pestle on ice with 6 ml of 95 % acetone for
pigment extraction and stored refrigerated in the dark over-
night. The following day, the absorption spectra (200–
850 nm) of the supernatants were measured with an Ocean
Optics© spectrometer using a 1-cm quartz cuvette and cor-
rected for a(750 nm) (Durako et al. 2003). The corrected ab-
sorption values were then used to calculate chlorophyll a and
b concentrations in micrograms chlorophyll per milliliter

using dichromatic equations (Jeffrey and Humphrey 1975).
The absorbance values of the UVP peak (340–345 nm) were
also determined. Pigment contents were normalized to the
measured leaf area of each replicate (in square millimeters).

Statistical Analyses

One-way analysis of variance (ANOVA) was used to deter-
mine the significance of hourly variation in measured pho-
tosynthetic characteristics and pigment contents for each of
the sites. The October and June data were examined sepa-
rately. If data were not normal or failed equal variance test, a
one-way ANOVA on ranks was performed. Where signifi-
cant differences were detected within a 95 % confidence
limit, a Student–Newman–Keuls multicomparison test was
used. All calculations were performed in SAS© 9.1.

Multivariate analyses were used to examine relationships
among the average environmental and physiological char-
acteristics of the hourly samples for each of the two sam-
pling events (October and June), using PRIMER 6© (Clark
and Gorley 2006). Resemblance matrices were calculated
using Euclidean distance measures and ranked variables to
examine nonmetric multidimensional scaling (MDS).
Minimum stress was set to 0.01. The factors were site (inlet
versus river) and tide (high versus low tide midday). The
physiological response variables were effective photochem-
ical efficiency, chlorophyll a and b contents, and UVP
absorbance.

BEST (BIOENV Stepwise) analysis was used to deter-
mine which environmental factors could best predict the
physiological (photosynthetic and pigments) response vari-
ables. The environmental parameters used were SCDOM,
KoPAR, a412, depth, and bottom values for salinity, tempera-
ture, and PAR. This test seeks high rank correlation between
environmental data and dependent (biological) variables.
BIOENVanalyses were run with Spearman rank correlation
test and 999 permutations with p00.01. BIOENV runs tests
on all possible combinations of environmental variables to
find the “best” single or combination of factor(s) of corre-
lation (Clark and Gorely 2006).

Results

October

Environmental and Physiological Variation

High Tide at Midday

Inlet: Water depth during sampling ranged from 1.0 to
1.8 m (Table 1). PARbottom was higher over the course
of the sampling at the inlet than at the river, except for
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the first morning measurement (Fig. 1a). K0PAR did not
correlate with depth, but it was lowest at the time of
predicted high tide (Table 1). The highest SCDOM was
observed at the start of the incoming tide, from 0845 to
1050 hours (Table 1). Salinity remained near oceanic
levels and was stable throughout the day (Fig. 2a). The

lowestΔF F
0
m

�
values corresponded to amorning peak in

PARbottom at 1145 hours, suggesting irradiance-induced

downregulation of photosynthesis. However, ΔF F
0
m

�
did not decrease at 1445 hours when the highest
PARbottom was measured. There were no significant diur-
nal variations in chlorophyll a or b content, though the
lowest levels were measured near midday (1245 and

1345 hours; Fig. 3a). Though not significant, values
of UVP were higher in the morning compared to the
afternoon (Fig. 3b).
River: Depths ranged from 0.75 to 1.5 m and PARbottom

levels were relatively low all day compared to the inlet
site, with the highest value at 1115 hours (Table 1;
Fig. 1a). Salinities were also lower than at the inlet
(Fig. 2a). The highest value of K0PAR occurred at
1615 hours (outgoing tide) and values were relatively
high all day compared to the other sampling events in
this study (Table 1). River a412 values were much
higher than those observed in the inlet throughout the
day (Table 1), reflecting higher CDOM in the river.

Table 1 Depth (in meters), bottom values for temperature (TempB in degrees Celsius), light attenuation coefficient K0PAR (per meter), a412nm, and
spectral slope of a bottom water sample (S, ×10−2nm−1) for each site for October and June at high tide and low tide at midday

October Site Time Depth TempB K0PAR a412 S June Site Time Depth TempB K0PAR a412 S

High tide at
midday

Inlet 0845 1.8 27.4 0.513 0.20 2.07 High tide at
midday

Inlet 0830 2.0 26.5 0.237 0.18 1.8

0945 1.6 27.3 0.284 0.32 1.87 0930 2.3 26.6 0.239 0.19 1.9

1045 1.5 27.2 0.315 0.33 1.99 1030 2.6 26.6 0.257 0.28 1.8

1145 1.5 27.4 0.245 0.39 1.54 1130 2.6 26.7 0.19 0.37 1.5

1245 1.4 27.3 0.473 0.39 1.84 1230 2.7 27.0 0.187 0.28 1.7

1345 1.4 27.5 0.356 0.44 1.71 1330 2.5 26.9 0.228 0.28 1.6

1445 1.2 27.6 0.304 0.67 1.53 1430 2.4 27.0 0.224 0.16 2.1

1545 1.0 27.7 0.339 0.58 1.75 1530 2.2 27.1 0.249 0.39 1.5

River 0915 1.0 27.7 0.726 1.05 1.66 River 0900 0.8 26.7 0.899 2.02 1.7

1015 1.2 27.8 0.498 0.97 1.49 1000 0.9 26.8 0.809 1.86 1.6

1115 1.3 28.1 0.461 0.86 1.40 1100 1.0 26.9 0.55 1.54 1.8

1215 1.5 27.4 0.714 1.88 1.54 1200 1.2 26.8 0.459 1.17 1.7

1315 1.2 27.4 0.59 1.36 1.56 1300 1.3 27.7 0.529 2.12 1.8

1415 1.1 27.3 0.562 1.91 1.61 1400 1.0 27.8 0.575 2.09 1.8

1515 0.9 27.3 0.756 2.41 1.64 1500 0.9 28.2 0.715 2.16 1.8

1615 0.8 27.2 1.226 2.91 1.66 1600 0.8 28.5 1.04 2.45 1.7

Low tide at
midday

Inlet 0915 1.8 26.9 0.715 0.60 1.86 Low tide at
midday

Inlet 0900 2.4 27.8 0.357 0.18 1.9

1015 1.7 27.5 1.324 0.02 2.42 1000 2.1 28.0 0.358 0.21 1.8

1115 1.4 27.6 0.68 0.93 1.76 1100 2.0 28.2 0.378 0.22 2.1

1215 1.2 27.9 0.668 1.17 1.75 1200 1.7 28.7 0.417 0.79 1.4

1315 2.0 28.0 0.402 0.47 1.59 1300 1.6 29.0 0.311 1.08 1.9

1415 2.3 27.8 0.361 0.37 1.80 1400 2.0 28.3 0.167 0.07 2.3

1515 2.0 27.8 0.719 0.20 2.02 1500 2.1 28.5 0.145 0.05 2.5

1615 2.2 27.8 0.457 0.63 1.58 1600 NA

River 0945 1.0 27.2 1.028 2.20 1.72 River 0930 1.1 28.2 0.85 2.57 1.6

1045 0.9 27.3 1.308 2.19 1.68 1030 0.7 28.5 1.303 2.42 1.7

1145 0.8 27.2 0.745 2.79 1.72 1130 0.6 28.8 1.243 3.42 1.7

1245 0.8 28.3 0.893 1.56 1.74 1230 0.4 29.1 1.674 3.13 1.7

1345 0.8 27.9 1.175 1.51 1.74 1330 0.3 29.6 1.477 2.98 1.8

1445 1.0 28.1 1.105 0.50 1.92 1430 0.6 28.8 0.908 1.23 1.8

1545 1.1 28.2 0.584 0.60 1.82 1530 0.9 28.8 0.638 1.16 1.8

1645 1.2 28.0 0.481 0.44 1.90 1630 NA

NA a sampling event that did not occur due to a storm
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Variation in ΔF F
0
m

�
corresponded with changes in

PARbottom over the course of the day (Fig. 1a, b).
Chlorophyll a and b contents were significantly lower
at 1015 hours than in the afternoon; the highest chloro-
phyll values occurred at 1415 hours (F7,7902.98,
p00.001 and F7,7903.07, p00.007, respectively,
Fig. 3a). Highest UVP values were measured at 1115
and 1415 hours and were significantly greater than the
lowest values at 1015 hours (F7,7902.37, p00.031)
(Fig. 3b).

Low Tide at Midday

Inlet: The water depth ranged from 1.4 to 2.3 m
(Table 1). The highest PARbottom value was measured
at 1215 hours corresponding with the lowest KoPAR

value; the highest K0PAR occurred at 1015 hours, coin-
cident with the lowest PAR (Table 1; Fig. 4a). Salinity
decreased around peak low tide, but bottom salinities
never fell below 30 during the day (Fig. 2b). Highest
a412 values were observed at peak low tide (Table 1).
Effective photochemical efficiencies were highest at
1015 and 1315 hours, significantly so compared to
those measured at 1650 hours, which were the lowest
observed (F7,7902.37, p00.031) (Fig. 4b). At

1215 hours (at the time of the highest PARbottom), the

second lowest ΔF F
0
m

�
values for the day occurred,

possibly indicating downregulation. Chlorophyll and
UVP levels did not significantly vary during the day
(Fig. 5a, b).
River: Depth ranged from 0.75 to 1.2 m and highest
PAR levels were at 1145 and 1245 hours (Table 1;
Fig. 4a). The lowest values for K0PAR occurred at
1545 and 1645 hours, and the highest SCDOM was
observed from 1445 to 1645 hours, when the tide was
incoming (Table 1). Salinities decreased to values be-
low 20 at midday, but exhibited high variation with an
increase to salinity above 30 with incoming tide
(Fig. 2b). Values for a412 were higher than in the inlet
and decreased at the end of the day with the incoming
tide (Table 1). Effective photochemical efficiencies
were significantly lower at 1545 hours than at any other
hour (F7,7905.66, p<0.001) and the highest values
were measured in the first 3 h sampled (Fig. 4b).

Diurnal variations inΔF F
0
m

�
correspondedwith changes

in PAR (Fig. 4 a, b). There were no significant diurnal
variations in chlorophyll a or b content. There was
diurnal variation in UVP, with the highest values at
1345 hours, which were significantly greater than the
values at 0945 hours (F7,7903.89, p00.001) (Fig. 5b).
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Fig. 1 Top panels PAR values
sampled at surface (solid line)
and bottom (dashed line) for the
inlet (squares) and river
(circles) sites over the 8-
h experimental period. Bottom
panels H. johnsonii average
(±SE) effective photochemical
efficiencies for inlet (unhatched
bars) and river (hatched bars)
populations (n010 for each
sampling event). Left panels (a,
b) represent October high tide
at midday; right panels (c, d)
represent June high tide at
midday. The vertical dashed
line represents the approximate
peak high tide
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Nonparametric Analyses

Environmental MDS There is a site-based separation of
environmental variables in the MDS plots. The majority
of the inlet sampling events (squares) cluster on the
right side of the MDS plot and the river samples
(circles) are to the left (Fig. 6a). River at low tide data
(filled circles) are most dissimilar, i.e., farthest separat-
ed, from inlet at high tide data (unfilled squares).
Excluding the 0845 hours inlet sample, the inlet high
tide at midday samples (unfilled square) form a distinct
cluster. River high tide at midday (unfilled circles)
environmental data exhibited relatively close similarities
with inlet low tide at midday (filled squares) environ-
mental data, especially during the middle of the day
(from 1015 to 1415 hours at the river and from 1115
to 1315 hours at the inlet).

Physiological MDS The inlet high tide at midday data
(unfilled squares) form a distinct cluster at the left upper
corner of the MDS plot (Fig. 6b) and the river low tide
at midday samples (filled circles) form a distinct cluster

in the bottom right. The physiological responses of inlet
plants when low tide was midday (filled squares) are
scattered and interspersed with the river high tide at
midday (unfilled circles) samples. The physiological
responses at the river with low tide at midday (filled
circles) exhibit two clusters: a midday (1145–1545 hours)
cluster, which is separated from the cluster containing
early morning and late afternoon samples (0945, 1045,
and 1645 hours; Fig. 6b).

BIOENV Results from BIOENV analyses are presented in
Table 2. For high tide at midday sampling at the inlet,
BIOENV indicated that PAR, temperature, salinity, and
SCDOM had the greatest effects on physiological responses.
For the river high tide midday sampling, the BIOENV
indicated that PAR, temperature, K0PAR, and a412 were the
correlative factors. With low tide occurring at midday,
BIOENV results for the inlet indicated that depth, salinity,
SCDOM, and K0PAR were most correlated with the physiolog-
ical variation, whereas at the river, a412, SCDOM, tempera-
ture, and salinity had the most pronounced effects on
physiological responses.
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approximate peak high/low tide
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June

Environmental and Physiological Variation

High Tide at Midday

Inlet: Water depth ranged from 2.0 to 2.7 m (Table 1).
The highest PARbottom values were measured at 1230
and 1330 hours (Fig. 1c). Lowest K0PAR values were
observed midday during peak high tide (Table 1).
SCDOM decreased with approaching high tide and was
lowest at midday, indicating the presence of oceanic
water at the site (Table 1). The highest salinities were
observed during this sampling event compared to other
sampling events in June, and they remained stable
throughout the day (Fig. 2c). Effective photochemical
efficiencies were significantly lower at 1430, 1530, and
1630 hours (following the two highest hours of

PARbottom; Fig. 1c) than any other time and ΔF F
0
m

�
values at 0830, 0930, and 1130 hours were significantly
greater than at all other hours measured over the course

of the day (F7 ,79 011.94, p < 0.001; Fig. 1d).
Chlorophyll a contents were greatest at both 1130 and
1230 hours, significantly so compared to 1530 hours
(F7,7902.83, p00.012; Fig. 3c). There were no signifi-
cant differences observed in UVP levels, though the
values were generally higher during the afternoon
(Fig. 1d).
River: Depth ranged from 0.75 to 1.3 m and the highest
PARbottom occurred between 1200 and 1400 hours
(Table 1; Fig. 1c). Spectral slope changed little over
the course of the day and K0PAR was lowest at
1200 hours around peak high tide (Table 1). The a412
values were lowest at peak high tide and increased with
the outgoing tide with river values lower than those
observed at the inlet over the course of the day
(Table 1). Bottom salinities tracked the influx of marine
water in the morning, with peak salinity above 30
occurring near peak high tide. Bottom salinity de-
creased with outgoing tide going down to almost 20 by

1600 hours (Fig. 2c). HighestΔF F
0
m

�
values occurred at

0900 hours and the lowest, significantly so compared to
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all other times, were measured at 1200 hours (F7,790

11.21, p<0.001; Fig. 1d). Similar to the inlet, the river
plants had greatest chlorophyll a contents around peak
high tide.

Low Tide at Midday

Inlet: Water depth ranged from 1.6 to 2.4 m (Table 1).
Highest PARbottom levels were measured at 1400 and
1500 hours (Fig. 4c), at which time SCDOM was also
highest. The highest K0PAR was observed at low tide
and it decreased in the afternoon with the incoming tide
(Table 1). Values of a412 increased with outgoing tide
and they rapidly returned to lower values with the
incoming tide (Table 1). Bottom salinities continued
to decrease for a short time past peak low tide
(1300 hours), but then rapidly increased to near marine
values by 1400 hours (Fig. 2d). Effective photochemi-
cal efficiencies were significantly lower at 1400 and
1500 hours (coincident with the highest PARbottom lev-
els; Fig. 4c) and were highest during the lowest light

levels in the morning (F6,63021.70, p<0.001; Fig. 4c,
d). Chlorophyll a and b contents were significantly
greater at 1400 hours than all other times and signifi-
cantly lower at 0900, 1000, and 1200 hours (F6,630

16.71, p<0.001 and F6,63013.00, p<0.001, respective-
ly; Fig. 5c). UVP levels were also significantly greatest
at 1400 hours compared to 1500, 1200, and 0900 hours
(F6,6305.24, p<0.001; Fig. 5d).
River: Depths ranged from 0.3 to 1.1 m (Table 2).
K0PAR peaked at 1230 hours, around peak low tide,
but there was little change in spectral slope over the
course of the day (Table 1). Lowest salinities were
observed between 1230 and 1330 hours (as low as
15.2 for surface waters) compared to all other sampling
events. Salinity exhibited a large diurnal range, with an
increase to almost 30 for bottom waters by 1530 hours,
with the approach of high tide (Fig. 2d). Highest a412
values were observed between 1130 and 1230 hours
(Table 1). Effective photochemical efficiencies were
significantly greater at 0930, 1030, and 1530 hours than
at 1330 and 1430 hours, at which times the highest
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PARbottom levels were measured (F6,6307.41, p<0.001;
Fig. 4c, d). There were no significant diurnal differ-
ences in chlorophyll a or b content (Fig. 5c). UVP
levels in the late afternoon (1430 and 1530 hours) were
significantly greater than at 1230 hours (F6,6303.13, p0
0.0095; Fig. 5d). The river values for UVP were greater
than those measured in the inlet plants throughout the
day.

Nonparametric Analyses

Environmental MDS Similar to the pattern observed in
October (Fig. 6a), MDS analysis indicated there was also
clustering of river at low tide midday (filled circles) and
inlet high tide at midday (unfilled squares) in June (Fig. 7a).
River high tide at midday (unfilled circles) data are similar
to the inlet low tide at midday (filled squares) data during
the morning. There is more diurnal separation in June than
October, with most morning values clustering at the top half
of the MDS plot and afternoon data clustering towards the
bottom (Fig. 7a).

Physiological MDS There is less clustering in the June
MDS plot compared to October. However, similar to
October, the majority of the river low tide at midday data
(filled circles) cluster together (Fig. 7b). The inlet high tide
at midday data (unfilled squares) grouped separately, except
from 1130 to 1230 hours. Also like October, inlet low tide at
midday (filled squares) and river high tide at midday (un-
filled circles) physiological responses were highly variable
along both axes of the MDS plot. Similar to the environ-
mental clustering, river low tide at midday physiological
data were most dissimilar to the inlet high tide at midday
responses, except for samples near the middle of the day
(Fig. 7b).

BIOENV Results of BIOENV analyses (Table 2) indicated
that, at the inlet when high tide was at midday, salinity,
temperature, K0PAR, and a412 were most correlated with
physiological responses. At the river site, a412 and K0PAR,
followed by salinity and depth were the most correlated.
When low tide was during midday, inlet responses were
most influenced by SCDOM, PAR, salinity, and depth,
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Fig. 5 H. johnsonii average
pigment content per square
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low tide at midday sampling of
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whereas the river responses were most correlated with PAR,
temperature, and depth.

Discussion

H. johnsonii from an inlet and riverine tidal habitat
exhibited distinct and significant diurnal variation in photo-
physiological characteristics. The two habitats differed not
only in average environmental conditions, but also in the
magnitude of diurnal, tidally induced variation of the envi-
ronmental parameters we measured. The inlet habitat had
relatively stable environmental conditions, whereas the river-
ine habitat exhibited greater short-term (hourly) and seasonal
variation in environmental parameters, especially salinity and
optical water quality. Based on the MDS analyses, there were
time periods when environmental conditions between the two

habitats were similar, but plant photophysiological character-
istics were not; and conversely, similar photophysiological
characteristics were observed between the two habitat types
at times when environmental conditions were very different.
These patterns indicate the possible presence of variable time
lags between environmental conditions and photoacclimatory
responses.

Photoacclimatory responses have been observed for sev-
eral seagrass species growing in different light environments
(Dennison and Alberte 1986; Tomasko 1992; Campbell et
al. 2003, 2007; Kahn and Durako 2009a). The two H.
johnsonii populations in our study appeared to differ in
short-term photoacclimatory responses to changes in the
light field. We propose that this is due to population-based
long-term acclimation to differing light environments. The
distinct light environments between the riverine and inlet
habitats, e.g., greater light attenuation and absorption of
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short wavelength light from CDOM at the river versus inlet
site, were likely affecting the physiological responses mea-
sured for the two populations of H. johnsonii. For example,
a412 values at the river were often two times higher than
those observed at the inlet, which indicates a significant
decrease in the levels of short wavelength irradiance reach-
ing the plants at the river site. Our BIOENV results indicate
that, in all but two cases, one or more optical properties were
correlative to variation in the photosynthetic characteristics we
measured, demonstrating that light quality and quantity affect
even short-term physiological responses. IOPs affect the qual-
ity of light received by submerged plants, whereas the appar-
ent optical property (AOP), K0PAR, largely affects the quantity
of light. Our results indicate that both IOPs and AOPs are
important in shaping the photosynthetic responses ofH. john-
sonii. At both sites, the plants generally responded predictably
to diurnal variations in ambient PAR levels and reflected their

recent light history, with ΔF F
0
m

�
values decreasing in re-

sponse to increasing irradiance (Beer et al. 1998). During
times of similar PARbottom levels, however, the two popula-

tions differed in theirΔF F
0
m

�
values, suggesting acclimation

to chronic differences in the light environment between the
inlet (clearer with less CDOM) and riverine habitats.

Wavelength-specific photosynthetic responses indicate
that H. johnsonii from Oleta River may be blue light
shade-acclimated and they exhibit more shade-acclimated
characteristics in morphology (longer-term response) and
photophysiology relative to the Haulover Inlet plants
(Kahn and Durako 2009a). The shade-acclimated character-
istics of river plants may be longer-term responses to light
quality and quantity, in combination with other environmen-
tal factors (i.e., variable depth and salinity). In this study,
June leaf chlorophyll contents at the inlet when low tide was
at midday varied significantly over the course of the day
(diurnal response), whereas pigment contents remained rel-
atively high throughout the course of the day at the river
regardless of diurnal variation in PAR. In Thalassia testudi-
num and Halodule wrightii, shading induced increases in
blade chlorophyll levels over a period of months (Czerny
and Dunton 1995). However, unshaded plants exhibited a
more pronounced seasonal effect, suggesting that long-term
differences in the light field are most important in determin-
ing leaf chlorophyll contents (Czerny and Dunton 1995).
Differing chlorophyll contents between the river and inlet
populations of Halophila johnsonii at similar PARbottom

levels may also reflect longer-term responses to their distinct

Table 2 H. johnsonii, results of
the BIOENV analyses on physi-
ological responses

The top three scenarios of cor-
relation value(s) for environ-
mental variable(s) for each
sampling event. The rho of each
analysis is represented by the
correlation value. The order in
which the environmental varia-
bles appear within a scenario
does not correlate to importance
within that scenario

Month Midday Site Correlation Variables

October High tide Inlet 0.100 PAR, S

0.099 PAR

0.097 Salinity, temperature, PAR, S

River 0.188 PAR

0.184 Temperature, PAR, K0PAR

0.183 PAR, a412
Low tide Inlet 0.187 Depth, salinity

0.183 Depth, salinity, S

0.181 Depth, salinity, K0PAR

River 0.400 Temperature, a412, S

0.380 a412, S

0.380 Salinity, temperature, a412, S

June High tide Inlet 0.244 Salinity

0.236 Salinity, temperature, K0PAR

0.233 Salinity, temperature, a412
River 0.151 K0PAR, a412

0.147 Salinity, K0PAR, a412
0.141 Depth, salinity, a412

Low tide Inlet 0.467 PAR, S

0.463 Depth, salinity, PAR, S

0.452 S

River 0.200 PAR

0.178 Temperature, PAR

0.177 Depth, PAR
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optical environments. The riverine habitat has chronic
reductions in short wavelength irradiance due to the tempo-
rally greater presence of CDOM (Kirk 1994), with K412 nm

values two to four times greater at the Oleta River than
Haulover Inlet site (Kahn and Durako 2009a). Chlorophyll
and UV-blocking pigment levels in Halophila ovalis were
not affected by high PAR levels, but high UV levels greatly
reduce chlorophyll content and chloroplast numbers per cell,
with small increases in UV-blocking pigment (Dawson and
Dennison 1996). Our study suggests that H. johnsonii chlo-
rophyll and UVP levels are also affected by differences in
short wavelength (e.g., UV) irradiance and PAR between the
two habitat types.

Although river-influenced H. johnsonii appears to be ac-
climated to long-term reductions in short wavelength light and
relatively high KoPAR at low tide, the shallower water at the
river site allows for short-term pulses of high light due to wave
focusing. These “sunflecks” might explain the elevated

flavonoid (UVP) levels in the river plants at various times
(Kahn and Durako 2009a). Relatively high flavonoid produc-
tion in understory terrestrial plants occurs in response to high
intensity, short-term sunflecks rather than the average long-
term light field and is thought to provide protection for shade-
adapted chloroplasts (Gould et al. 1995, 2000). In our study,
hourly changes in PAR (measurements that would not capture
short-term bursts of light) were not coupled with changes in
UVP. However, on a long-term scale, there was a general
increase in UVP absorbance in the riverine H. johnsonii from
October to June, reflecting increases in day length and inci-
dent PAR. The riverine population had more than double the
UVP absorbance values of the inlet plants. The inlet plants in
our study also exhibited increased levels of UVP from
October to June, which is consistent with the observed trend
of decreasing UVP in H. johnsonii populations from summer
to autumn in a seasonal study by Kahn (2008). Increased day
length and incident irradiance in the summer increases UV
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exposure and the possibility of short-term intense sunflecks,
which might explain the high summer UVP values.

Due to seasonal variations in tidal cycles in this region,
submerged habitats are exposed to shallow depths at low
tide during times of highest irradiance (around midday in
summer) for about a week. When high tide occurs during
hours around midday, the increased depth likely dampens
the effect of increased irradiance (PAR and UV) on UVP
production as observed in our high tide at midday UVP
values when comparing October to June. Increased UVP
production in H. johnsonii on a longer-term basis might be
due to seasonally increased overall PAR and UV levels
(Durako et al. 2003; Kunzelman et al. 2005; Kahn and
Durako 2009a). UVPs may additionally provide protection
from short-term increases in irradiance and/or UV (Gould et
al. 2000; Durako et al. 2003) and may function as
sunscreens or antioxidants (Gavin and Durako 2011). As
increased flavonoid production has also been associated
with overall increases in stress in other plants (Yamasaki et
al. 1997; Harborne and Williams 2000; Tattini et al. 2004),
the increased levels and higher fluctuations in the Oleta
River population might also be linked to stress related to
the higher salinity variability at this riverine site (Kahn and
Durako 2008). An increase in UVP absorbance was occa-
sionally observed in the river plants hours after salinity
decreased, suggesting a lag in salinity stress and UVP
production.

Salinity stress also affected physiological characteristics
between the riverine-influenced and marine-influenced H.
johnsonii in our study as indicated by the BIOENV results.
H. johnsonii has a low tolerance for longer-term exposure to
extreme hyposaline conditions (3 to 10 days, salinity 5–10;
Dawes et al. 1989; Torquemada et al. 2005; Kahn and
Durako 2008). Although salinities at the riverine habitat
approached these threshold levels periodically during low
tides, they were generally only present for short periods of
time (hours) due to changing (incoming) tides and the close
proximity of this site to the inlet. In comparing H. ovalis
from estuarine and marine habitats, Benjamin et al. (1999)
observed that marine plants have a lower ability to withstand
long-term (3 week) exposure to decreased salinities and a
lesser ability to recover from decreased salinity than estua-
rine plants.

BIOENV results from our study also indicated that temper-
ature was occasionally a correlative factor with the physiolog-
ical responses. Osmotic stress increases temperature
sensitivity in H. ovalis (Ralph 1999). However, Torquemada
et al. (2005) indicated that there is no interaction between
short-term changes in temperature and salinity on the photo-
synthetic responses ofH. johnsonii. They also determined that
photosynthesis increased with increased temperature up to a
maximum at 30 °C. Hillman et al. (1995) reported a 30 %
increase in productivity in H. ovalis with an increase from 20

to 25 °C. Our field temperature data did not have a high degree
of variability within each sampling date and the overall range
for the study was 26.5–29.6 °C, which is within the optimal
range for H. johnsonii (Torquemada et al. 2005). As there is
little more known on the response of H. johnsonii physiology
to longer-term variations in temperature, further investigation
on the effect of temperature on this species is warranted.

H. johnsonii exhibited significant physiological plasticity
in response to wide-ranging environmental conditions
occurring over short temporal scales, often having habitat-
specific physiological characteristics that were indicative of
population-based acclimation. However, when considering
among-population differences in H. johnsonii, it is impor-
tant to note that this species is unique among seagrasses,
including other species within Halophila, in its apparent
lack of sexual reproduction (York et al. 2008). For H.
johnsonii, reproduction only occurs via fragmentation and
clonal growth (Eiseman and McMillan 1980; Hall et al.
2006), which results in a lack of significant genetic variabil-
ity across its geographic and habitat range (Melton 2004).
Thus, the habitat-specific acclimatory responses and broad
habitat occurrence of this species must be due to a highly
phenoplastic physiology, which tolerates wide variability in
environmental parameters from tidal riverine, estuarine, to
near-marine inlets.

The habitat-specific diurnal variations in H. johnsonii
photophysiological characteristics observed in this study,
especially the distinct characteristics of the low tide at
midday riverine plants compared to the high tide at midday
marine plants, indicate the importance of examining physi-
ological characteristics over a range of conditions and hab-
itats to fully understand the extent of physiological plasticity
of the organism. Our results also indicate that, when de-
scribing tidal influences on benthic organisms, it is impor-
tant that both tidal and diurnal effects are considered.
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