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INTRODUCTION 

Halophila johnsonii Eiseman is the only marine angiosperm to be listed as a 

threatened species under the Endangered Species Act (Federal Register 1998). This is 

due in part to its extremely limited geographic distribution. H. johnsonii is endemic to the 

lagoons and estuaries of the east coast of Florida along an approximately 200 km 

latitudinal range from just north of Sebastian Inlet to northern Biscayne Bay (Kenworthy 

1992; Virnstein and Hall In press).  This species also apparently lacks sexual 

reproduction (York et al. 2008). Thus, persistence of existing beds and recruitment 

occur via fragmentation or clonal growth (Eiseman and McMillan 1980; Hall et al. 2006) 

and there is no known significant genetic variation among geographically separated 

populations (Melton 2004). Despite these geographic, life history and genetic limitations, 

H. johnsonii grows across a broad range of environments: from estuarine habitats, 

within tidal rivers and canals, to marine habitats near inlets, and from 3 m deep to the 

upper reaches of the intertidal zone where it can be exposed for periods at low tide 

(Virnstein and Morris 2007).  These characteristics suggest broad physiological 

plasticity, but raise the question - how can a species tolerant of such a broad range of 

habitat conditions be so restricted in its geographic distribution? 

H. johnsonii is also unusual in that it produces a suite of 15 flavonoid compounds 

(seven of which are newly described) that absorb light in the UV range (Meng et al. In 

press).These are commonly referred to as ultra-violet absorbing pigments, or UVP’s, 

and they are absent from the co-occurring, but strictly subtidal, con-generic H. 

decipiens. Durako et al. (2003) suggested that these UVP’s act as sunscreens and 

increase H. johnsonii’s ability to inhabit high-light shallow intertidal zones. However, 
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Kunzelman et al. (2005), observed no differences in UVP levels in this species in 

controlled-irradiance treatments that varied PAR, UVA and UVB levels.  They did report 

a positive correlation between UV shielding and UVP absorbance and suggested that H. 

johnsonii was a sun-adapted species.   Thus, questions remain regarding the production 

and physiological function of the large number of flavonoid compounds produced by H. 

johnsonii.  These questions are especially compelling when considering the broad range 

habitats where H. johnsonii occurs, specifically its occurrence in tidal riverine areas high 

in chromophoric dissolved organic matter (CDOM). The presence of CDOM, which 

originates primarily from land runoff and river input, has a specific effect on the light 

environment by exponentially increasing attenuation of short wavelength light (UV to 

blue) through the water column, thus altering the light quality (Kirk 1994). Populations of 

H. johnsonii in CDOM-rich habitats might be expected to have reduced levels of 

flavonoids, if their primary function is to serve as UVP’s. 

The specific foundation for this research was built from the above questions and 

observations of hurricane impacts on H. johnsonii. In 2004, two Category Three 

hurricanes (Frances and Jeanne) and a tropical storm (Ivan) passed over or near the 

Indian River Lagoon - a major portion of H. johnsonii’s limited geographic range. These 

severe storm events increased freshwater influx into the lagoon directly, via intense 

rain, and indirectly, via run-off from the surrounding watersheds, reducing salinity in the 

central lagoon to less than or equal to15 and increasing water color and turbidity for 

months post-storms (Steward et al. 2006).  Large losses of H. johnsonii were observed 

along the lagoon the year following these storms (unpublished data), but it was 

unknown to what extent the losses were due to direct physical impacts (storm surge, 
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currents, waves, etc.) or due to physiological stress and mortality related to longer-term 

stormwater-related impacts. Because of its threatened status, enigmatic distribution, 

and questions regarding the physiological effects of hurricanes, this research examined 

H. johnsonii across the extremes of its environmental and latitudinal range. I focused on 

the photophysiology of H. johnsonii and effects of the two major environmental 

characteristics altered by freshwater input from either river discharge or stochastic 

tropical storms: (1) salinity and (2) water color.  The latter is primarily due to CDOM, 

which significantly affects optical water quality. 
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CHAPTER 1: PHYSIOLOGICAL ECOLOGY OF HALOPHILA JOHNSONII EISEMAN IN 
MARINE AND RIVERINE INFLUENCED WATERS: I ENVIRONMENTAL AND PLANT 

STRUCTURAL CHARACTERISTICS 
 



ABSTRACT 

The endemic seagrass Halophila johnsonii is found only within a ~200km span 

along the east coast of Florida. Within this limited geographical distribution it grows 

across a broad range of riverine and marine influenced environments, with highly 

variable salinities and CDOM levels.  CDOM, especially at riverine sites affects water 

column optical properties, increasing attenuation of UV radiation. Three paired riverine 

and marine influenced sites were selected across H. johnsonii’s geographical 

distribution to examine spatial variation in environmental (salinity, temperature, depth, 

apparent and inherent optical properties) and plant structural characteristics (leaf 

morphology, frequency of occurrence and shoot density) among populations. Within 

each region, paired sites were sampled at high and low tide seasonally to examine 

temporal variation among populations and to determine which environmental variables 

correlated with structural responses. Depth was the abiotic factor with the greatest 

correlation to plant structural variation, except in spring. Correlations of salinity and 

CDOM (defining river vs. inlet parameters) with structural characteristics varied 

temporally and were highest in the spring. The greatest intra-annual and between site 

(river vs. inlet) variability was exhibited by the southern populations. These results 

suggest that the abiotic environment at the southern limit of distribution may limit H. 

johnsonii from recruiting further south.  

KEY WORDS: Halophila johnsonii, Ecological variation, Seasonality, Habitat effects 
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INTRODUCTION 

 Halophila johnsonii Eiseman is a seagrass with generally low abundance that is 

endemic to the eastern coast of Florida. Due to its low abundance, very limited 

geographical range and apparent lack of sexual reproduction (York et al. 2008), H. 

johnsonii is listed as threatened under the Endangered Species Act (Federal Register 

1998); the only marine plant so listed. The geographic distribution of H. johnsonii 

extends only about 200 km from the Indian River Lagoon (27°51’N; 80°27’W) to 

northern Biscayne Bay (25°45’N; 8°07’W, Kenworthy 1992). Although it has a limited 

geographical range, H. johnsonii occurs across a broad range of habitats, from ocean-

adjacent inlets to the mouths of river and creek systems with freshwater inputs.  H. 

johnsonii has been observed in salinities ranging from marine to estuarine and at depths 

from 3 m to the intertidal fringes where it can be exposed at low tide (Virnstein & Morris 

2007).  The environmental conditions among these diverse habitats can fluctuate 

greatly on daily to seasonal time scales and geographically.  It is largely unknown how 

these variable conditions affect the distribution or persistence of Halophila johnsonii in 

naturally-occurring populations.  

 Water quality along the coastal lagoon systems of eastern Florida changes 

variably in space and time in response to seasonal rainfall and stochastic storm events 

such as the passage of tropical storms. Storm events significantly increase the input of 

freshwater to the lagoons from direct rainfall and indirectly from rain across the 

watershed resulting in increased runoff. These events cause decreases in salinity as 

well as increases in chromophoric dissolved organic carbon (CDOM) or color of the 

water (Kowalczuk et al. 2003, Zanardi-Lamardo et al. 2004).  CDOM affects the optical 
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properties of the water column, significantly decreasing the amount of high-energy UV 

and blue light penetrating the water column as it preferentially absorbs short wavelength 

radiation (Kirk 1994).   Long-term monitoring studies in the Indian River Lagoon have 

shown that abundance of H. johnsonii at permanent monitoring sites decreased during 

wet years, suggesting that influx of freshwater has a negative impact on this species 

(Virnstein & Morris 1996). Within the habitat range of H. johnsonii, fluctuations in CDOM 

levels naturally occur seasonally (wet versus dry season), stochastically (tropical 

storms), as well as daily with varying tidal flow and riverine inputs.  

Seagrass abundance, biomass and morphology vary in response to fluctuations 

in environmental factors at different temporal and spatial scales (Turner & Schwarz 

2006).  Zostera noltii and Z. capricorni  exhibit seasonal changes in biomass, density 

and leaf morphology (leaf length and width) that correlate with the temporal variation in 

temperature and turbidity (Pergent-Martini 2005, Turner & Schwarz 2006). In a recent 

study of Z. noltii, the effects of urban wastewater discharge sites on salinity and 

nutrients of the water column had the greatest impact on the changes in seagrass 

structural characteristics (Cabaço et al. 2008). 

Hyposalinity effects on structural responses have been reported in several 

seagrasses. A decrease in shoot biomass and number of leaves per shoot was 

observed with decreased salinity in Zostera marina (Nejrup & Pederson 2008). Culture 

studies of Thalassia testudinum seedlings showed the negative impact of hyposalinity 

on blade morphology (decreased width and length, Kahn & Durako 2006).  Field studies 

also suggest a negative impact of freshwater on mature T. testudinum blade width, 

shoot production and biomass per m2 (Irlandi et al. 2002). Although Halophila johnsonii 
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has a broad range of salinity tolerance, one study showed that after a 3 day acclimation 

period it did not tolerate a salinity of 5 (Dawes et al. 1989). In culture, H. johnsonii is 

less tolerant of hyposaline conditions than hypersaline conditions (Torquemada et al. 

2005). However, based upon its habitat range and occurrence near river mouths, it is 

evident that H. johnsonii can tolerate at least short-term fluctuations into low salinities.  

Light is also a major abiotic factor affecting seagrass growth and structural 

responses. High-light grown Zostera capricorna exhibited smaller shoot size, but overall 

greater biomass than low-light treatment plants (Abal et al. 1994). Halophila ovalis had 

the lowest biomass and growth during the highly turbid rainy season when there was 

low light availability and low salinity (Huong et al. 2003). Decreased light resulted in the 

production of bigger leaves in Halophila stipulacea and H. ovalis (Hulings 1979, Hillman 

et al. 1995). However, Halophila johnsonii exhibits adaptations of a high-light adapted 

species of seagrass (Dawes et al. 1989) and has a rapid physiological response to 

changes in light fields (Kunzelman et al. 2005). It also possesses a suite of flavonoids 

believed to serve as UV protective pigments (UVP). In a field transplant study, H. 

johnsonii decreased the concentration of these UVP’s and exhibited more shade-type 

photosynthetic responses after four days when transferred from shallow to deeper 

waters, suggesting rapid physiological acclimation to the changing light environment 

(Durako et al. 2003).   

Because of its occurrence across a range of salinities and depths in both high light 

and high CDOM environments, I examined environmental variability and plant structural 

characteristics of Halophila johnsonii at inlet (high salinity, low CDOM) and riverine (low 

salinity, high CDOM) sites across the geographical range of its distribution.  I 
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hypothesized that populations at the extremes of the geographic range would exhibit 

greater intra-annual variation and that river populations would have larger leaves and 

higher shoot densities because of the removal of damaging UV radiation by the CDOM.  

The environmental abiotic variables measured included optical properties of the water 

column related to light availability and CDOM as well as depth, salinity and temperature. 

Structural characteristics of H. johnsonii that were measured included shoot density, 

frequency of occurrence and leaf morphology. Variations in environmental parameters 

were measured at two temporal scales: between high and low tides within a day and 

among the four seasons. Environmental and plant structural characteristics were also 

examined at two spatial scales – between habitats (inlet and riverine-influenced 

habitats) and among geographic regions (northern, central and southern populations).  

The purpose of this study was to assess the scale of temporal and spatial variation 

among populations, to determine which environmental factors (e.g. salinity versus 

optical water quality) most strongly correlate with the structural responses of H. 

johnsonii.  

 

 6



MATERIALS AND METHODS 

Study sites and sampling period. Paired inlet and riverine field sites were selected to 

represent northern, central and southern populations of Halophila johnsonii across its 

geographic range (Fig. 1). The sites were chosen to capture a large range of salinity 

and water-color characteristics from highly-colored and low-salinity due to riverine input 

to low-colored marine-influenced waters (Table 1); selection criteria for the riverine sites 

included proximity to a freshwater point source with significant watershed drainage. The 

northern region paired sites were Ft. Pierce (27°28’N, 80°18W) and Taylor Creek 

(27°28’N, 80°19’W), Jupiter Inlet (26°56’N, 80°04W) and Loxahatchee River (26°56’N, 

80°05’W) represented the central region and Haulover Inlet (25°54’N, 80°07’W) and 

Oleta River (25°55’N, 80°07’W) were the southern-most sites (hereafter referred to as 

FTP, TAY, JUP, LOX, HAU and OLE).  

Over the course of one year, sites were sampled seasonally: March 27th -29th 

(spring), June 26th -28th (summer), September 19th -21st (autumn), December 18th -20th 

(winter) 2006 and March 19th -21st (spring) 2007. Measurements of plant structural 

characteristics were not obtained during the initial in spring 2006 sampling. The 

seasonal sampling was scheduled to allow sampling at high tide in the morning and low 

tide in the afternoon for each region. This was done to capture the widest range of 

salinity and color for the sample period.  

 

Environmental measurements. Salinity and temperature at the surface and bottom 

were measured with a YSI© conductivity-temperature probe.  Water depth was 

measured using a graduated pole (± 5 cm) at the initiation of sampling.  Apparent  
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Fig. 1. Map of the sampling site locations in Florida within the geographical distribution 
of Halophila johnsonii: 1) northern sites: Ft. Pierce Inlet (FTP) and Taylor Creek (TAY), 
2) central sites: Jupiter Inlet (JUP) and Loxahatchee River (LOX) 3) southern sites: 
Haulover Inlet (HAU) and Oleta River (OLE). 
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Table 1. Surface and bottom values for salinity, temperature (°C) and spectral slope (S 
x10-2 nm-1) for each site at high and low tide by season. Missing values are represented 
by (-) and ‘na’ represents occasions when water was too shallow to collect a bottom 
water sample. Northern, central and southern sites are separated by vertical lines. 
 
 FTP TAY JUP LOX HAU OLE 
Surface high low high low high low high low high low high low 
Summer             
Salinity  36.2 34.5 36.0 32.8 35.8 38.0 35.2 24.7 35.1 36.8 35.2 23.9 
Temperature 31.0 31.0 32.0 32.0 27.6 29.7 28.8 31.0 28.1 28.4 28.6 29.9 
S 1.87 1.81 1.80 1.78 0.91 1.59 1.17 1.14 2.05 2.30 1.52 1.65 
Autumn             
Salinity  35.8 30.0 31.0 33.3 34.2 26.6 25.6 24.7 24.6 20.9 17.0 7.2 
Temperature 28.1 30.5 28.5 30.2 29.6 30.3 28.1 30.7 29.0 30.1 29.0 29.4 
S 1.46 1.55 1.49 1.72 3.14 1.61 1.48 1.45 1.75 1.76 1.68 1.61 
Winter             
Salinity  35.0 34.9 33.9 19.5 35.3 32.9 34.4 25.1 34.5 32.4 31.7 24.4 
Temperature 23.2 24.0 23.5 22.9 24.2 24.6 24.2 24.0 24.1 24.2 23.5 24.0 
S - - 1.61 1.89 1.32 1.54 1.50 1.69 1.55 1.56 1.45 1.68 
Spring             
Salinity  35.7 36.0 36.0 35.0 35.4 34.7 35.2 34.2 35.0 33.8 34.9 33.4 
Temperature 21.0 23.9 21.0 22.5 22.7 24.2 23.0 22.7 22.2 23.0 22.5 23.5 
S 2.83 1.50 1.71 2.07 1.09 1.32 1.38 1.54 2.47 3.76 2.08 1.62 
Bottom                         
Summer             
Salinity  36.2 33.2 35.8 35.4 35.6 38.1 35.3 24.0 35.1 34.9 34.4 34.8 
Temperature 31.0 31.0 32.0 32.0 29.7 29.7 28.7 30.4 28.1 28.4 28.6 29.6 
S 0.82 1.93 1.09 na 0.49 1.50 0.73 na 2.43 2.27 1.46 1.65 
Autumn             
Salinity  36.2 30.4 35.0 33.2 34.4 26.8 30.9 24.0 34.9 25.8 30.8 17.5 
Temperature 28.1 30.5 28.4 30.3 29.6 30.4 29.0 30.6 29.8 30.3 30.0 30.2 
S 0.72 1.68 1.86 0.96 3.90 1.59 1.60 1.47 1.20 1.70 1.58 1.62 
Winter             
Salinity  35.0 34.7 33.9 32.4 34.6 32.7 34.4 24.6 35.1 32.7 33.4 29.8 
Temperature 23.2 24.1 23.5 23.6 24.2 24.7 24.2 24.1 24.2 24.3 23.9 23.8 
S - na 1.53 2.56 0.98 1.52 1.50 1.66 1.03 1.31 1.37 1.63 
Spring             
Salinity  36.0 36.0 35.9 35.2 35.8 33.0 35.7 32.2 35.1 35.2 35.0 33.6 
Temperature 21.1 23.9 21.0 22.5 22.8 24.0 23.0 22.7 22.1 23.0 22.5 23.4 
S 2.01 na 0.98 1.83 1.14 1.17 1.00 1.12 1.92 1.67 1.80 1.87 
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optical properties were estimated from water column light profiles (10 cm increments) 

recorded with a SATLANTIC© spectral radiometer at seven specific wavelengths: 412, 

443, 490, 510, 554 and 665 nm. These wavelengths correspond to bands 1-6 of the 

Sea-viewing Wide Field-of-view Sensor (SeaWiFs) ocean color satellite (Mueller and 

Austin 1995). The spectral light attenuation coefficient [kd(λ)] at 412 nm was calculated 

as an estimate for CDOM using the following equation (Kirk 1994): 

 

Kd(λ) = [ln (Ez(λ)/Eo(λ))]/z 

 

where Eo(λ) is the irradiance of a specific wavelength measured at subsurface and Ez(λ) 

is the irradiance at that wavelength at each given depth, z, with increments of 10 cm. 

Bottom PAR was calculated by integrating under the curve of the 412 nm-665 nm points 

from the SATLANTIC measurement taken at the bottom. Integrations were performed in 

SigmaPlot 10.0©. 

Water samples from the surface and bottom were collected to examine inherent 

optical properties. Water was filtered through 0.7 μm then 0.2 μm filters to obtain the 

CDOM fraction (filtrate) and the spectral absorbance was measured from 300-800 nm in 

a10 cm quartz cuvette using an Ocean Optics© spectrometer with a MiniDT lamp. The 

absorption coefficients at each wavelength were calculated from the equation: 

a(λ) = [2.3A(λ)]/L 

 

where 2.3 is a factor for converting base e to base 10, A is the absorbance at a specific 

wavelength (λ) and L is the optical path-length in m.  From these absorption coefficients, 

 10



the spectral slope S (nm-1) for CDOM (from 300-500 nm Kieber et al. 1990) was 

calculated using the equation (an exponential decay function performed in SigmaPlot 

9.0©):     

aCDOM(λ) = aCDOM(λο)e-S(λο−λ) 

   

Structural measurements. Leaf morphology, shoot density m-2 and frequency of 

occurrence m-2 of Halophila johnsonii were the structural characteristics measured. 

Blade length (l) and width (w) of the plants from each site were measured from five 49 

cm2 core samples, haphazardly chosen within each sampling area. From this, average 

blade area (mm2) was calculated using the formula for an ellipse: 

A =  ½ (l) * ½ (w)*π 

Shoot densities and frequency of Halophila johnsonii occurrence were measured 

at each site for each season using a 1 m2 quadrat, divided into 100 sub-quadrats (10 

cm x 10 cm). Sample location was haphazardly chosen within the sampling population 

at each site. Shoot densities were counted in the outer four and inner four sub-quadrats, 

averaged and multiplied by 100 to estimate shoot density m-2. Frequency was 

measured by counting the number of sub-quadrats out of 100 within the 1 m2 quadrat in 

which H. johnsonii was present. Plant structural characteristics were only measured 

once at each site sampling, not at both high and low tide as morphological changes 

occur only after long-term exposure to stress (Longstaff & Dennison 1999).  Thus, 

morphology or abundance would not be expected to vary between morning low tide and 

afternoon high tide on the day of sampling. 
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Data analyses. Multivariate analyses were used to examine relationships among the 

physical and biological characteristics of the samples using PRIMER 6© (Clark & 

Warwick 2006). Non-metric multi-dimensional scaling (MDS) using ranked variables and 

Euclidian distance measures was used to calculate resemblance matrices. Minimum 

stress was set to 0.01. The factors were season, site (FTP, TAY, JUP, LOX, HAU, and 

OLE), type (inlet/river), and region (north/central/south); the response variables were 

average leaf length, width and area as well as shoot density and frequency m-2.  

BEST (Bio-Env Stepwise) analysis was used to determine which environmental 

factors could best predict the response variables. This test seeks high rank correlation 

between environmental data and dependent (biological) variables.  BIOENV runs tests 

on all possible combinations of environmental variables to find the ‘best’ single or 

combination of correlation factor(s) (Clarke & Gorley 2006). Analyses were run including 

the spring 2007 environmental data set as the structural characteristics were not 

measured in spring 2006. BIOENV analyses were run with Spearman rank correlation 

test and 999 permutations with p = 1%. The environmental variables used were low tide 

depth, temperature, salinity, Kd412 and spectral slope of the bottom water. The spectral 

slope was used as the inherent optical property measurement and Kd412 as the apparent 

optical property measurement as neither of these would be as affected as PAR by 

changes in the light field at time of measurement such as wave focusing, passing 

clouds or thunderstorms. Bottom measurements were used to represent the 

environment in which the plants were living. The low tide values were used as they 

would capture the more extreme environmental values that the plants would encounter 

regarding high CDOM and low salinity.  
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Further statistical analyses of the morphometric measurements were performed 

using SAS 9.1©. One-way ANOVA’s were used to determine if significant parameter 

differences existed among each site for each season (p < 0.05). Because comparisons 

were among the six sites, all values for df = 5 for morphometric characteristic statistical 

analyses. Student-Newman-Keuls tests were used to determine wherein the significant 

differences occurred.  Where normality or test for equal variance failed, a Kruskal- 

Wallis one-way ANOVA on ranks test was used.  
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RESULTS 

 
 

Seasonal environmental measurements 

Summer. Summer water temperatures ranged from 27.6° to 32.0°C (Table 1); the 

highest temperature observed in all four season sampling events. Salinities at the inlet 

sites ranged from 38.0 (JUP) to 33.2 (FTP) and river site salinities ranged from 23.9 

(OLE) to 36 (TAY) (Table 1).  Kd412 values (CDOM proxy) increased at all sites from high 

to low tide (Table 2). CDOM absorbance spectral slope, S (nm-1), in surface samples 

also increased from high to low tide with the exception of LOX where similar values 

were observed at each tide (Table 1). In all bottom water samples except for HAU, there 

was an increase in S (nm-1) from high to low tide. The deepest site (in all seasons) was 

HAU (Table 2). The shallowest site in summer was TAY. There was no consistent trend 

among sites in the variation in bottom PAR from morning to afternoon.  This reflects 

variable interactions between water depth, water clarity, solar angle and sky conditions 

between high tide in the morning and low tide in the afternoon (Table 2).  

 

Autumn. Temperatures of the water during the autumn sampling ranged from 28.1°-

30.7°C and salinities ranged from 36.2 (FTP)-24.6 (HAU) at the inlets and 35 (TAY)-7.2 

(OLE) at the riverine sites (Table 1). The lowest salinity of all seasons was observed in 

OLE in autumn (7.2). Kd412 values (CDOM) increased at all sites from high to low tide 

and were greater at high tide in river than inlet sites (Table 2). Bottom values for 

spectral slope, S (nm-1), did not consistently increase from high to low tide, nor were the 

values greater in riverine than inlet sites (Table 1). The shallowest sites were FTP and  
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Table 2. Values for depth (m), bottom PAR (μW cm-2 nm-1) and Kd412 (m-1) for each site 
at high and low tide by season. 
Northern, southern and central sites are separated by vertical lines. 
 
 FTP TAY JUP LOX HAU OLE 
  high low high low high low high low high low high low 
Summer             
Depth  1.15 0.60 0.40 0.45 1.75 1.20 1.05 0.75 2.70 1.60 0.95 0.55 
bottomPAR 16 10 15 13 8 15 13 12 5 17 3 7 
Kd412 1.11 2.27 1.82 3.87 0.28 6.15 0.75 2.53 0.47 0.97 1.92 5.4 
Autumn             
Depth  0.85 0.30 0.70 0.30 1.20 0.60 0.70 0.65 2.50 2.00 1.25 0.7 
bottomPAR 16 66 23 38 21 43 15 20 10 3 17 14 
Kd412 1.53 5.53 3.19 5.55 0.61 4.75 7.72 8.80 1.38 2.20 3.68 5.76 
Winter             
Depth  1.10 0.50 1.05 0.80 1.10 0.50 0.75 0.45 2.45 1.45 1.2 0.8 
bottomPAR 17 57 13 37 73 31 26 12 40 60 58 11 
Kd412 1.10 1.26 2.07 3.63 0.27 0.76 0.70 4.15 0.32 1.15 1.17 2.79 
Spring             
Depth  0.80 0.30 0.80 0.30 1.30 0.40 0.55 0.45 2.50 1.65 1.50 0.45 
bottomPAR 42 6 19 3 62 2 69 0.6 18 31 35 5 
Kd412 1.45 3.75 1.28 3.87 0.33 2.65 2.03 1.93 0.55 0.90 0.82 2.32 
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TAY and with the exception of the southern sites, afternoon bottom PAR levels were 

greater than morning high tide PAR levels (Table 2).  

 

Winter. During the winter sampling, salinities ranged from 35.3 (JUP high tide) to 32.7 

(JUP low tide) for the inlet sites and 19.5 (TAY) to 34.4 (LOX) for the river sites (Table 

1). Water temperatures ranged from 22.9° to 24.7°C (Table 1). Kd412 values increased at 

all sites from high to low tide and all river values were greater than the paired inlet 

values for both high and low tide (Table 2). Spectral slope consistently increased with 

low tide, and surface S(nm-1) values were greater at river than inlet sites at low tide 

(FTP values not available due to technical problems) (Table 1).  The shallowest site 

sampled in the winter was LOX at low tide but bottom PAR values did not consistently 

increase in the afternoon (Table 2). 

 

Spring. The spring water temperature ranged from 21°-24.2°C (Table 1), which were the 

lowest temperatures observed of all four seasons sampled. River salinities ranged from 

36 (TAY) to 32.2 (LOX) and inlet salinities ranged 36 (FTP) and 33 (JUP, Table 1). 

Surface and bottom salinities as well as differences between high and low tide had the 

least overall variation in the spring compared to any other season and they were all 

near marine in range. Kd412 values increased from high to low tide at all sites except 

LOX, where there was little difference between high and low tide values (Table 2). For 

all sites except FTP and OLE, surface CDOM spectral slope increased from high to low 

tide and there was little difference in bottom S (nm-1) values between site pairs (Table 

2). The shallowest depths occurred during the spring sampling compared to the other 
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seasons and these were at FTP and TAY (Table 2). Bottom PAR decreased from high 

tide (morning) to low tide (afternoon) at all sites; the very low bottom PAR values during 

low tide at JUP and LOX were due to a large afternoon thunderstorm during sampling 

(Table 2). 

 

Halophila johnsonii morphology 

Summer. In the summer, average leaf area was significantly smaller in HAU than any 

other sites (F = 20.53, p < 0.001, Fig. 2a). In contrast, OLE had the greatest leaf area of 

all the sites mainly due to a significantly greater average blade width (F = 43, p < 

0.0001). Leaf area was also significantly greater in the central (JUP/LOX) than northern 

(FTP/TAY) sites (F = 20.53, p < 0.0001, Fig. 2a). The southern sites were the only 

paired sites that showed significant difference in leaf area between inlet and river.  

 

Autumn. The largest leaf areas over all seasons were observed in FTP and TAY 

(northern sites) in the autumn (Fig. 2b). In autumn, TAY had significantly greater leaf  

areas than FTP and both were significantly greater than all other sites (F = 43.88, p < 

0.0001). TAY had significantly longer blades and OLE and HAU had significantly shorter 

blades than all other sites (F = 22.3, p < 0.0001). Both TAY and FTP had significantly 

wider blades and HAU narrower than all other sites (F = 51.43, p < 0.0001). As in 

summer, there was a grouping by region, however, in the autumn the largest leaf areas 

were in the north, mid-range in the central region and smallest observed in the southern 

sites. 
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Fig. 2. Morphometric measurements for all sites for (a) summer, (b) autumn, (c) winter 
and (d) spring. Average ±stderr values for leaf width (unfilled), length (light grey) and 
area (dark grey). See text for meaning of site abbreviations. Upper-case letter above 
bars represents significant differences in leaf area. 
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Winter. Leaf area in the winter was significantly smaller in HAU and OLE than all other 

sites (F = 36.51, p < 0.0001, Fig. 2c). Again, winter leaf morphology grouped by region 

with highest values of both leaf area and length observed in the northern sites, mid-

range the central sites and smallest found in the southern sites. For all paired sites, leaf 

area was greater at the river than the inlet, significantly so only for JUP and LOX. Leaf 

length and width followed the same regional pattern as area, but did not share the river-

inlet trend. 

 

 Spring. In the spring, leaf area in TAY was significantly greater than in FTP, with FTP 

and JUP having significantly smaller leaf areas than all other sites (F = 7.75, p < 0.0001, 

Fig. 2d). Leaves from all river sites were longer than those from the inlet sites, though 

only significantly so in the case of FTP and TAY (F = 3.16, p = 0.0082). Leaf 

morphometrics did not follow a regional pattern in the spring. 

 

 

Shoot density and frequency of occurrence 

In the summer, the lowest frequency of occurrence and shoot density were observed in 

HAU (Fig. 3a). All other sites showed relatively high frequency of occurrence (> 80%).  

The highest shoot density was observed in JUP. With the exception of HAU, autumn 

frequency of occurrence values declined from summer to autumn at all sites (Figs. 3 a & 

b). The greatest values for both frequency and shoot density in the autumn were 

observed in the central sites. The lowest shoot densities were observed in the northern 

sites (Fig. 3b). In the winter, both frequency and shoot density were relatively low at all 
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Fig. 3. Shoot frequency (light grey) and density (dark grey) per m2 for (a) summer, (b) autumn, (c) winter and (d) spring for 
all sites.  See text for meaning of site abbreviations.

 



sites, with the lowest values for both parameters observed in HAU and the highest 

values in the northern sites, TAY and FTP (Fig. 3c). H. johnsonii frequency and shoot 

density generally increased dramatically in the spring, except in FTP, and were lowest 

in FTP and HAU and highest in TAY and LOX with values comparable to autumn and 

summer. 

 

Non-parametric results 

A two-dimensional MDS plot of plant structural variables (stress = 0.07) shows 

that there is no overall grouping between river sites and inlet sites across regions or 

seasons, nor was there a defined seasonal grouping among all sites (Fig. 4a). However, 

there is a general segregation between the northern and southern sites across seasons 

with the central sites scattered among them (Fig. 4a). The two exceptions to this are 

OLE during summer and FTP during spring. In the summer, OLE had higher leaf area 

values than all other sites and spring FTP leaf area and frequency were relatively low 

for the northern sites that season. Another observed clustering is among paired  

inlet/ river sites within seasons. In all seasons, the central sites (JUP/LOX) grouped 

together (Fig. 4b) as there was little variation between values for all parameters for JUP 

and LOX within any given season. In winter and spring the southern paired sites 

(HAU/OLE) grouped together. In autumn and summer, OLE shoot densities were 

greater than HAU and summer average leaf area values were greater in OLE creating 

less similarity between the paired sites. The northern paired sites (FTP/TAY) only
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Fig. 4. Two-dimensional MDS plots of Halophila johnsonii plant structural variables. 
Seasons are represented by different symbols: summer= triangle, autumn= square, 
winter= circle and spring=diamond. Inlet sites are open symbols and river sites are filled 
symbols. Regions are represented by shade: north= light grey, central= dark grey, 
south= black.  Plot (a) highlights grouping of northern and southern sites, (b) groupings 
of paired inlet/river sites. 
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grouped together in the winter. Generally, TAY had greater leaf area than FTP,  

especially in the autumn, and differences in shoot density and frequency between the 

two sites were apparent in the summer and spring. 

 The top five results (scenarios) of BIOENV analyses are shown in Table 3. The 

Rho value is represented by the correlation value seen in the first scenario. The order in 

which the variables appear within a scenario does not correlate to relative within-

scenario importance of the variable, but is based upon the order of the variables within 

the initial table used for analyses. In all seasons except spring, depth was in the top 

correlative group of variables. Optical characteristics are in the highest correlative 

scenarios in winter and spring, but not during summer and autumn. In summer and 

winter, salinity did not appear in any of the top five correlative scenarios while 

temperature was absent in the autumn (it was high and relatively uniform across the 

sites, see Table 1). 
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Table 3. Halophila johnsonii. Results of the BIOENV analyses on plant structural 
characteristics. The top five scenarios of correlation value(s) for environmental 
variable(s) for each season. The Rho of each seasonal analysis is represented by the 
correlation value of the first scenario. The order in which the environmental variables 
appear within a scenario does not correlate to importance within that scenario. 
 
Correlation 
Summer Variable(s) 

0.438 Depth, temperature 
0.410 Depth, temperature, spectral slope 
0.393 Depth 
0.392 Depth, spectral slope 
0.389 Depth, temperature, Kd412 

Autumn  
0.473 Depth 
0.390 Depth, salinity 
0.380 Depth, spectral slope 
0.362 Depth, salinity, spectral slope 
0.342 Spectral slope 

Winter  
0.484 Depth, temperature, Kd412 
0.467 Temperature, Kd412 
0.412 Depth, temperature, Kd412, spectral slope 
0.395 Kd412 
0.395 Temperature, Kd412, spectral slope 

Spring  
0.390 Temperature, salinity, Kd412, spectral slope 
0.387 Temperature 
0.373 Temperature, salinity  
0.370 Depth, temperature, salinity, spectral slope 
0.345 Salinity, Kd412, spectral slope 
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DISCUSSION 

The structural characteristics of Halophila johnsonii exhibited significant temporal 

(on a seasonal scale) and spatial (river versus inlet) variations during this study.  

Regionally, the central sites exhibited less variation among seasons in leaf area than 

the northern and southern sites, which at times exhibited great changes in leaf area 

from one season to the next. Other seagrasses have exhibited similar seasonal 

structural changes. Halophila decipiens in the Gulf of California increased in leaf length 

and width and leaf pair density in summer when compared to winter (Santamaría-

Gallegos et al. 2006). Zostera noltii exhibited seasonal changes in both leaf length and 

width with the highest values occurring in the summer, but the greatest density of 

shoots was observed in the spring (Pergent-Martini et al. 2005). Growth rates of Z. 

capricorni also change seasonally with spring-summer plants exhibiting the highest 

growth rates (Turner & Schwarz 2006). In my study, H. johnsonii in the central and 

southern sites exhibited the greatest leaf area in the summer, but the northern sites had 

the largest leaves in the autumn. The smallest average leaf area was observed in the 

spring for both the northern and central sites. However there was regional variation in 

peak and minimum values for structural characteristics, e.g. smallest average leaf area 

in the southern sites was observed in winter. Creed (1999) also found seasonal shifts in 

peak values of structural and biomass characteristics of Halodule wrightii populations 

along a geographical gradient in Brazil.  

 Annual variation in structural characteristics of Halophila johnsonii, were greater 

in the northern and southern sites than observed in the central sites across seasons 

and at both inlet and riverine stations, with few exceptions. The smallest leaves, lowest 
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frequencies of occurrence and densities were observed for the southern sites 

suggesting that the southern distribution of H. johnsonii may be environmentally limited, 

thereby contributing to its relatively narrow geographical range. Similarly, Halodule 

wrightii populations along the coast of Rio de Janeiro, Brazil have lower average 

biomasses than the northern populations in Florida and North Carolina but not lower 

biomasses than populations in sites south of Rio de Janeiro (Creed 1999).  

The northern and southern populations of Halophila johnsonii sampled in my 

study also exhibit higher dissimilarities between the river and inlet stations than the 

central populations in most seasons. Leaf area, frequency of occurrence and shoot 

densities were generally greater in the river than inlet sites with the greatest degree of 

difference observed between the southern HAU and OLE sites. The northern and 

southern sites also exhibited the greatest differences in total leaf area between the river 

and inlet influenced populations in summer and autumn. Estuarine and marine 

populations of other seagrasses have also exhibited differences in structural 

characteristics. Halophila engelmanii collected from an estuary had lower ash levels 

than those from open ocean populations (Dawes et al. 1987). Marine (salinity 35) 

populations of Halophila ovalis had longer internode lengths and shorter leaves than 

those from plants harvested from an estuarine (salinity 25) population (Benjamin et al. 

1999).  However, it was apparent in my study that ‘riverine’ and ‘marine’ sites cannot 

always be grouped as distinct habitat types across the geographic range of H. johnsonii.  

We sampled during relatively dry years (Table 4).  During this period, the central river 

(LOX) and inlet (JUP) sites were similar to each other, in terms of plant structural 

characteristics, in all seasons. These two central sites were not as distinctly ‘riverine’  
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Table 4. Monthly rainfall data in inches for the 30 year average, 2006, and 2007. The 
northern data is from the Ft. Pierce DOF station (27°24’ 37.139N; 80° 20’13.166W), the 
central data are from the Loxahatchee S-46 structure (26°56’03.203N; 80°08’30.147W) 
and the southern data are from the North Miami Beach S-27 structure (25°50’55.344N; 
80°11’20.167W). Data are from the South Florida Water Management District 
DBHYDRO database. 
 
 
  Jan. Feb. Mar. Apr. May  Jun. Jul. Aug. Sep. Oct. Nov. Dec. Annual 

North              
30 yr. avg. 2.7 2.99 3.27 2.77 4.38 5.84 5.79 6.35 7.81 5.82 3.5 2.28 53.5 
2006 0.12 3.96 0.32 1 1.2 6.16 2.54 2.85 2.52 1.01 1.62 2.93 26.23 
2007 0.15 0.5 2.3 2.64 2.54 9.17 12.02 2.65 9.32 11.02 2.06 3.13 57.5 
Central              
30 yr. avg. 3.75 2.55 3.68 3.57 5.39 7.58 5.97 6.65 8.1 5.46 5.55 3.14 61.39 
2006 0.28 2.43 0.42 2.22 1.16 6.6 3.15 7.52 3.77 1.25 0.76 4.89 34.45 
2007 0.24 1.24 0.04 2.08 2.29 7.55 8.71 2.73 8.62 5.71 1.1 1.18 41.49 
South              
30 yr. avg. 2.34 2.22 3.2 3.9 6.08 10.24 7 9.2 8.88 6.56 3.83 2.59 66.04 
2006 0.58 3.3 0.42 0.34 5.87 7.63 8.87 10.81 4.87 2.63 0.95 3.91 50.18 
2007 0.21 2.1 2.73 4.77 6.67 18.81 6.41 5.86 7.63 8.87 1.85 0.66 66.57 
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and ‘marine’ as the northern and southern paired sites. This may be due to the 

decreased influx of low salinity, high–CDOM waters which occurred over the 2 years of 

well below average rainfall, especially for the central region (Table 4). However, the 

northern and southern sites exhibited characteristically different parameters in most 

seasons despite the drought conditions. With respect to site-specific CDOM levels, 

average Kd412 for OLE was greater in all seasons than HAU and TAY values were 

greater than FTP in all periods except spring 2007. Differences in CDOM-related optical 

properties only occurred in the autumn between the central riverine (LOX) and inlet 

(JUP) stations. The southern stations also generally exhibited greater differences in 

salinity values between the inlet and riverine influenced sites. 

Considering temporal variation in abiotic factors among seasons, optical 

properties associated with CDOM (spectral slope and Kd412) were more correlative with 

plant structural variations in the ‘dry-season’ of spring and winter, when less flushing 

and fewer rainstorms occur than during the ‘wet-season’ of summer. It must be noted 

again, however, that the sampling occurred during an atypical drought year (Table 4). In 

autumn, temperature was not a factor correlated with structural variation in Halophila 

johnsonii.  There was only a 2.6°C variation among all sampling events in the autumn 

as compared to a 4.4°C temperature variation in the summer when the highest 

temperatures were observed. Extreme temperatures decrease growth in Zostera marina 

and temperature affects temporal differences in morphology in Z. noltii (Pergent-Martini 

et al. 2005, Cabaço et al. 2008). Halophila ovalis morphology (except leaf length) 

correlates with water temperature as well (Hillman et al. 1995). H. johnsonii has a 

broader range of temperature tolerance than the co-occurring Halophila decipiens 
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(Dawes et al. 1989) and changes in salinity do not affect temperature tolerance of H. 

johnsonii (Torquemada et al. 2005). Here, H. johnsonii structurally responded to the 

changes in temperature in three of the four seasons. 

The abiotic factor that had the greatest correlation with plant structural variation, 

except in spring, was depth. Decrease in depth contributes to an increase in growth 

rates in seagrasses, mainly through increasing light availability (Dennison & Alberte 

1986). In addition, seagrasses from shallow sites may physiologically respond as sun-

adapted plants whereas plants in the lower edge of the vertical distribution of the bed 

respond physiologically as shade-adapted plants, being photosynthetically efficient with 

decreased irradiance (Silva & Santos 2003). In a reciprocal transplant study, Halophila 

johnsonii also responded physiologically to placement from an intertidal to subtidal 

habitat by reducing the production of UVP and by reducing photosynthetic capacity 

(Durako et al. 2003). These responses were initially ascribed to decreases in UV and 

irradiance, but Kunzelman et al. (2005) suggested that the responses might be 

explained by decreased PAR irradiance alone. The deepest occurring population 

examined in my study was at HAU. In all seasons except spring, average leaf area was 

the lowest (though not always significantly) at HAU than any other site. Frequency of 

occurrence and density m-2 were also lower at HAU in summer and winter than any 

other site and they were lower than those observed in the riverine OLE site every 

season.  Bottom PAR levels were not examined over long term in this study at the 

specific sites, thus I cannot determine from my data what specific roles PAR levels 

versus other depth-related factors play in shaping the structural characteristic at these 

sites. 
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When examining the correlation between depth and structural characteristics of 

Halophila johnsonii other abiotic factors that change with depth also need to be 

considered. Physical factors such as wave action and flow, which were not measured in 

my study, can be greatly affected with changes in depth or in different habitats. 

Hydrodynamics can affect the productivity, growth, structure and distribution of 

seagrasses (Fonseca et al. 1983). Jensen and Bell (2001) suggested that seagrass 

morphology may respond to the hydrodynamic environment by decreasing the thickness 

of the boundary layer for gas exchange, while optimizing the amount of photosynthetic 

tissue exposure to the light. Dennison (1987) suggested that high current velocities may 

prevent shallow-growing seagrasses from persistent colonization of deep channels. 

Depth and hydrodynamics also affect the sediment type in the habitat, which may affect 

nutrient availability. Morphological changes (roots) in Halodule wrightii were observed in 

response to an increase in sediment nutrient concentrations (Jensen & Bell 2001). 

Zostera noltii shows an increase in size with increased nutrients, with the exception of 

exposure to high ammonium levels where a decrease in internode and leaf length was 

observed (Cabaço et al. 2008).  

My results indicate that depth, temperature, salinity and optical properties of the 

water column all have roles in affecting the morphology, density and frequency of 

occurrence of Halophila johnsonii populations, but the BIOENV analyses indicated that 

they are not the dominant factors (Rho = 0.34 to 0.48).  Flow, sediment type and 

nutrient availability are additional parameters in need of further investigation in order to 

characterize the habitats in which H. johnsonii is found. McMillan (1983) observed that 

morphological variation in Halophila ovalis was correlated to habitat type, which 
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includes characteristics such as substrate type. Based on personal field observation, it 

was apparent that sites such as LOX and HAU exhibited very high flow rates, whereas 

TAY and OLE were low-flow environments.  Differences in sediment type were also 

apparent with clay-type sediments in the northern sites versus more shell-rich 

carbonates towards the south.  Coarse sand was predominant in the high-current HAU 

habitat in contrast to the flocculent sediment found in OLE.  Thus, additional habitat 

parameters from each region and site type should be determined to better understand 

the influence of environmental variability of H. johnsonii.  

Increased CDOM at the river sites coincided with greater leaf area and/or density 

in most cases throughout the year (especially OLE vs. HAU and TAY vs. FTP). This 

trend may indicate that decreasing UV radiation by increasing CDOM has a positive 

effect on Halophila johnsonii biomass and leaf size.  Photophysiological parameters, 

including the concentration of UVP, need to be examined to determine whether or not 

plants found in the high-CDOM river environments may be more photo-efficient, as 

suggested by Durako et al. (2003) and in turn are able to increase leaf area and/or 

shoot density in those environments.  

In this study, environmental conditions and plant structural characteristics of 

Halophila johnsonii varied temporally (seasonally) and among the different habitat types 

and regions, with greatest intra-annual and between river vs. inlet site variability 

exhibited by the southern populations. The abiotic environment at the southern limit of 

this species’ distribution requires further investigation to determine whether or not there 

are specific environmental variables that limit H. johnsonii from recruiting further south. 

Correlation of salinity and CDOM (the most defining river vs. inlet environmental 
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parameters) to structural characteristics varied temporally and was most influential in 

the spring. Further environmental monitoring should continue in years of increased rain 

events and intense storms to better determine impact of high influx of fresh water and 

longer exposure to extreme hyposalinity and hyper-CDOM conditions on the structural 

responses of H. johnsonii. 
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CHAPTER 2: PHYSIOLOGICAL ECOLOGY OF HALOPHILA JOHNSONII EISEMAN 
IN MARINE AND RIVERINE INFLUENCED WATERS: II PHOTOPHYSIOLOGY 



ABSTRACT 

The seagrass Halophila johnsonii is endemic to the eastern coast of Florida, 

occurring along only a ~200km latitudinal range, but across a broad range of habitat 

types, from estuarine to marine. These environments exhibit wide variations in both 

salinity and levels of chromophoric dissolved organic matter (CDOM). This study 

examined the photophysiological responses of H. johnsonii populations in riverine and 

inlet-influenced habitats along its geographic distribution. Along with environmental 

parameters, which included water and light properties, fluorescence-based rapid light 

curves (rETRmax and α), pigment concentrations and leaf absorptance were measured 

at two temporal scales (high vs. low tide and seasonally) and two spatial scales 

(riverine vs. marine and north, central and south regions) to determine which 

environmental factors or combination thereof (e.g. optical properties vs. salinity) 

correlated most strongly with the photophysiological responses of H. johnsonii in 

riverine and marine influenced waters across its geographical distribution. Depth, and 

in most seasons CDOM-related optical properties, were most correlated with variation 

in photophysiological responses. Salinity also had a major influence on H. johnsonii 

responses.  Based on my results, elevated CDOM and hyposaline conditions would 

likely have a negative impact on existing populations as well as decrease the 

likelihood of a northern population expansion. The southern population exhibited the 

highest seasonal and between-habitat variability.  These responses indicated that this 

population may be exposed to limiting threshold levels in environmental parameters, 

thus preventing further population expansion southward. 

KEY WORDS: Halophila johnsonii, Physiological ecology, Seagrass, Photosynthesis 
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INTRODUCTION 

Halophila johnsonii Eiseman is a seagrass endemic to the east coast of Florida 

and it is found only within a narrow geographic distribution range of ~200 km  from 

sites near Sebastian Inlet in the north (27°51’N; 80°27’W) to northern Biscayne Bay in 

the south (25°45’N; 80°07’W) (Kenworthy 1992).  Within this limited geographical 

distribution, H. johnsonii has a broad habitat range. It occurs from 3 m deep to the 

upper intertidal zones where it can be exposed at low tide.  Within this depth 

distribution H. johnsonii is found from marine-influenced inlets to river mouths 

(Virnstein & Morris 2007). Salinities across these habitats can range from marine to 

estuarine and they fluctuate daily due to tides. Ebbing tides also may contain 

terrestrial run-off, which brings an increase in color in the form of chromophoric 

dissolved organic matter (CDOM). On a seasonal scale this region is susceptible to 

hurricanes and other intense rain events that increase run-off and freshwater input into 

the system, also changing salinity and CDOM levels in the water column (Zanardi-

Lamardo et al. 2004).The presence of CDOM affects the optical properties of the 

water column because light in the lower wavelengths, around UV range, is 

exponentially absorbed (Kirk 1994). It is unknown how populations of H. johnsonii 

physiologically respond to these dynamic environmental changes at seasonal and tidal 

temporal scales. 

There have been several laboratory studies examining physiological responses of 

Halophila johnsonii to various parameters. Dawes et al. (1989) reported that laboratory 

cultures of H. johnsonii exhibited a broad salinity tolerance, but a salinity of 5 was 

lethal after 3 days exposure.  Similarly, I (Chapter 3) observed 100% mortality in 
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aquarium-cultured plants at salinity 10 after 10 days. Torquemada et al. (2005) 

observed highest values for quantum efficiency (α) and photosynthetic capacity (Pmax) 

in aquarium-cultured H. johnsonii at salinity 40, both decreased with decreased 

salinity. They determined that H. johnsonii is less tolerant of short-term (15 d) 

exposures to hypo- than hyper-salinity conditions, but that salinity does not appear to 

affect the plant’s tolerance to pH and temperature changes. In another Halophila 

species, H. ovalis, from marine and estuarine populations, marine plants were 

observed to be less tolerant to decreased salinity than the estuarine populations when 

exposed to three weeks of salinity 20 (Benjamin et al. 1999).  

Riverine-influenced populations of Halophila johnsonii can be exposed to high 

levels of terrestrially-derived CDOM that vary daily (incoming vs. outgoing tides) and 

seasonally (wet vs. dry season).  Riverine sites may never be fully inundated with low-

CDOM marine ‘blue’ water. Therefore, the optical properties for riverine sites can vary 

drastically in total PAR and UV radiation reaching the plants. H. johnsonii produces a 

suite of flavonoid compounds, some unique to this species (Meng et al. In press), 

which maximally absorb light around the UV range (330-380 nm, Krzysiak 2006). 

Flavonoids serve many physiological roles in plants such as anti-oxidants, photo-

protection (‘sun-screens’), plant growth regulation, and they may increase in response 

to stress (Yamasaki et al. 1997, Harborne & Williams 2000). UV-protective pigments 

(UVP) in Halophila ovalis increase under increased UV conditions (Dawson & 

Dennison 1996).  It is also thought that the flavonoid compounds in H. johnsonii act as 

UVP’s (Durako et al. 2003).  In a reciprocal transplant field study, Durako et al. (2003) 

observed a 30% decrease in UVP production in H. johnsonii transplanted from an 
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intertidal to subtidal habitat when compared to reciprocal transplants, after 4 days. 

This decrease was attributed to a response to decreased PAR and UV radiation with 

increased depth. However, in a mesocosm experiment, Kunzelman et al. (2005) 

observed no UVP response to UVA+PAR and UVB+PAR compared to PAR only. 

They suggested that the primary physiological role of the flavonoids may not be UV 

protection. Were they to serve as UV protection, H. johnsonii populations in high 

CDOM environments may have different photophysiological responses to varying 

irradiance than populations in low CDOM habitats due to the decreased UV-stress and 

possible decrease in energy allocation towards production of the flavonoid 

compounds. 

In this study, the photophysiology of Halophila johnsonii populations across its 

geographical range were examined seasonally at paired riverine and inlet sites at both 

high and low tides. This sampling design was employed to examine end-points in this 

species’ distribution in terms of geographic range, depth, light, salinity and CDOM and 

to encompass the short-term (tidal) variability in the environmental factors within each 

habitat. Optical properties of the water column related to CDOM and light availability 

were measured along with salinity, depth and temperature. I examined 

photophysiological responses via leaf fluorescence-based rapid light curves (α, 

rETRmax, Ralph & Gademann 2005) in situ, leaf absorptance and pigment content 

(chlorophyll a and b and UVP). Physiological responses were examined temporally, 

between tides and among four seasons, and at two spatial scales- among 

geographical regions within H. johnsonii distribution (northern, central and southern) 

and between habitats within each region with paired sites in close proximity to an inlet 
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and riverine input. The purpose of this study was to evaluate the scale of spatial and 

temporal variation among H. johnsonii populations to determine which environmental 

factors (e.g. optical properties vs. salinity) correlate most strongly with the 

physiological responses of H. johnsonii in riverine and marine influenced waters 

across its geographical distribution. 
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MATERIALS AND METHODS 

Site description and environmental data. Three locations were chosen to 

encompass the geographical range of Halophila johnsonii, within each location, an 

inlet- and riverine-influenced site was chosen. The northern region paired sites were 

Ft. Pierce (27°28’N, 80°18W) and Taylor Creek (27°28’N, 80°19’W), central sites were 

Jupiter Inlet (26°56’N, 80°04W) and Loxahatchee River (26°56’N, 80°05’W) and the 

southern sites were Haulover Inlet (25°54’N, 80°07’W) and Oleta River (25°55’N, 

80°07’W) (hereafter referred to as FTP, TAY, JUP, LOX, HAU and OLE, see Chapter 

1, Figure 1 for a map of the site locations).  Sites were sampled on the following dates: 

March 27th -29th (spring), June 26th -28th (summer), September 19th -21st (autumn), 

December 18th -20th (winter) 2006 and March 19th -21st (spring) 2007.  Each site was 

sampled during high tide in the morning and low tide in the afternoon to encompass 

the daily range of depth, salinity and CDOM.  

The environmental parameters measured were surface and bottom salinity, 

temperature and CDOM spectral slope (S) as well as water depth.  A light profile was 

also taken using a SATLANTIC© spectral radiometer from which Kd412 and bottom 

PAR were calculated. Details of the environmental data collection have been 

described previously in Chapter 1. 

 

Physiological data.  At each site, the 2nd leaf pair back from the rhizome apical from 

ten haphazardly selected Halophila johnsonii plants was used to examine 

photosynthetic characteristics, in situ, using a Diving-PAM (pulse amplitude 

modulated) fluorometer (WALZ, GmbH). Rapid light curves (RLC) were generated to 
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calculate relative electron transport rates (rETR) of each of the leaf pairs using 0.8 

second saturating light pulses following 10 second exposures to nine consecutive 

increasing actinic light levels: 2, 92, 186, 341, 531, 752, 1143, 1573 and 2406 μmol 

photons m-2 s-1 (Ralph & Gademann 2005). From the rETR data, rETRmax, α (quantum 

efficiency) and β (downregulation) were calculated using a double exponential decay 

model (Platt et al. 1980) programmed with SAS 9.1©.  

rETR=Ps(1-e-(α∗PAR/Ps))*(e-(β*PAR/Ps)) 

rETRmax was calculated by using the Ps value, which is a scaling factor (Platt et al., 

1980). 

rETRmax=Ps[α/(α+β)]∗[β/(α+β)](β/α) 

If no down-regulation was observed (β=0), then rETRmax=Ps.  

Leaf blades from the RLC measurements were collected and kept in the dark in 

a cooler for the remainder of the sampling for that day; each evening leaves were 

processed for leaf absorptance and pigment measurements. Leaf-specific spectral 

absorptance was determined using methods described in Durako (2007). Spectral 

transmission and reflectance of each leaf used in the RLC measurements was 

determined using an Ocean Optics© spectrometer connected to integrating spheres 

and halogen light sources.  The leaves for each RLC and absorptance determination 

were then ground with a mortar and pestle in 6ml of cold 95% acetone for pigment 

extractions. After a minimum of 4 hr in the dark on ice, the absorbance of the extract 

supernatant was measured using the Ocean Optics© spectrometer (Durako et al. 

2003). From these measurements, the concentrations of chlorophyll a and chlorophyll 

b per leaf pair were calculated using the following dichromatic equations: 
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μg chl a= [11.93 (A664) – 1.93 (A647) * 6ml acetone]  

μg chl b= [20.36 (A647) – 5.50 (A.664) * 6ml acetone] 

UV pigment content was estimated by measuring the peak absorbance between 341-

345nm (Kunzelman et al. 2005). 

 

Data analyses. Because of significant among-season variation in structural 

characteristics of Halophila johnsonii and environmental variables (Chapter 1), 

physiological variables were examined separately for each season. Multivariate 

analyses were used to examine data relationships within each season using PRIMER-

E 6© Ltd. (Clark & Gorley 2006). An ANOSIM test was used to examine similarity 

between measured variables of the two spring sampling events versus other seasons. 

Non-metric multi-dimensional scaling (MDS) using ranked variables and Euclidian 

distance measures was used to calculate resemblance matrices. Minimum stress was 

set to 0.01 and all variables (environmental and physiological) were examined to 

determine similarities or groupings among tides (high/low), site type (inlet/river) or 

region (northern/central/southern). BEST (Bio-Env Stepwise) analysis was used to 

determine which environmental factors could ‘best’ predict the physiological response 

variables (Clark & Gorley 2006). Variables used in analyses are shown in Table 1. 

BIOENV analyses were run with Spearman rank correlation tests and 999 

permutations with p=1%.The physiological variables were also examined separately 

using MDS to determine physiological variation or similarities among sites, tides, type 

and region for each season. 
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Table. 1. The environmental and physiological variables used for the BIOENV 
analyses. 
 
Environmental  Physiological   
 depth (m)  rETRmax  
 bottom PAR  alpha  
 Kd412  absorptance 
 bottom irradiance at 412nm  μg chl a per leaf pair 
 salinity surface & bottom   μg chl b per leaf pair 

 temperature (ºC) surface & bottom 
UV-P absorbance per leaf 
pair 

 spectral slope surface & bottom     
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One-way ANOVA’s were used to determine if significant parameter differences 

existed among each tide and site sampling for each season (P<0.05).  Where 

normality or test for equal variance failed, a Kruskal- Wallis one-way ANOVA on ranks 

test was used. Student-Newman-Keuls tests were used to determine wherein the 

significant differences occurred or a Dunn’s test was used when groups were not 

equal.  These statistical analyses of the biological variables were performed using 

SAS 9.1© or SigmaStat 3.5©. 

 46



RESULTS 

 Results for field physiological measurements will be reported by season and 

the sites will be represented by their abbreviations: FTP= Ft. Pierce Inlet and TAY= 

Taylor Creek (northern sites), JUP=Jupiter Inlet and LOX=Loxahatchee River (central 

sites), HAU= Haulover Inlet and OLE=Oleta River (southern sites).   

 

Physiological responses 

Summer. Summer rETRmax values were greater at all sites at high tide than low tide, 

significantly so with the exception of HAU (F=27.59, p<0.001, Fig. 1a). The highest 

rETRmax values of all seasons were observed in summer at high tide. Summer α 

values were significantly greater for LOX at low tide than all other sites (F=6.20, 

P<0.001, Fig. 2a). This increase in α coincided with the large drop in rETRmax at this 

site, consistent with low-light acclimation. At central sites, low tide α values were 

greater than high tide values and the reverse was true for the southern sites, but the 

difference was not significant. Summer leaf-specific absorptance generally increased 

from north to south and values were significantly greater in OLE high tide plants than 

those from any other site (F=8.23, P<0.001, Fig. 3a). Also, though only significantly so 

in OLE, high tide leaf absorptance values were greater than low tide at all sites.  OLE 

summer high tide absorptance values were the highest observed over all seasons and 

sites. 

In the summer, the highest chlorophyll a, b and UV-P values were measured in 

the northern region at both river and inlet sites (Figs. 4a & 5a). FTP low tide and TAY 

high tide had significantly greater concentrations of both chlorophylls a and b  
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Fig. 1. Halophila johnsonii. Average (+ stderr) rETRmax values at high (filled bars) and 
low (unfilled bars) tide at each site for (a) summer, (b) autumn, (c) winter and (d) 
spring. See text for site abbreviation description. 
 

 48



FTP TAY JUP LOX HAU OLE

α

0.0

0.1

0.2

0.3

0.4

0.5

0.6

FTP TAY JUP LOX HAU OLE

α

0.0

0.1

0.2

0.3

0.4

0.5

0.6

FTP TAY JUP LOX HAU OLE

α

0.0

0.1

0.2

0.3

0.4

0.5

0.6

FTP TAY JUP LOX HAU OLE

α

0.0

0.1

0.2

0.3

0.4

0.5

0.6

(a) (b)

(c) (d)

 
 
Fig. 2. Halophila johnsonii. Average (+stderr) α values at high (filled bars) and low 
(unfilled bars) tide at each site for (a) summer, (b) autumn, (c) winter and (d) spring. 
See text for site abbreviation description. 
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Fig. 3. Halophila johnsonii. Average (+stderr) leaf absorptance values at high (filled 
bars) and low (unfilled bars) tide at each site for (a) summer, (b) autumn, (c) winter 
and (d) spring. See text for site abbreviation description. 
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Fig. 4. Halophila johnsonii. Average values for chlorophyll a and b at high tide (black 
and grey respectively) and low tide (unfilled and hatched respectively) at each site for 
(a) summer, (b) autumn, (c) winter and (d) spring. See text for site abbreviation 
description. 
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Fig. 5. Halophila johnsonii. Average (+stderr) UVP-absorbance values at high (filled 
bars) and low (unfilled bars) tide at each site for (a) summer, (b) autumn, (c) winter 
and (d) spring. See text for site abbreviation description. 
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(F=18.34, p< 0.001 and F=13.35, p<0.001, respectively) than all other sites. The 

central sites (JUP and LOX) exhibited the lowest values for chlorophyll a, but they 

were not significantly different from the southern sites. The southern sites (OLE and 

HAU) also exhibited an increase in chlorophyll, though not significant, from high to low 

tide. TAY and FTP, both at high and low tides had significantly greater values of UV-P 

than all other sites (F=27.00, p<0.001, Fig. 5a). The lowest observed UVP values 

were from the deepest site (HAU) at both high and low tides.  

 

Autumn. In autumn, rETRmax values, with the exception of OLE, were greater at low 

than high tide, significantly so for the northern sites, FTP and TAY (F=5.71, p<0.001, 

Fig. 1b). Also with the exception of OLE, α values were greater at high than low tide 

(Fig. 2b). This difference was significant at all sites except HAU and LOX (F=21.36, 

p<0.001). Autumn leaf absorptance values at LOX high tide and HAU low tide were 

significantly lower than all other sites (F=5.62, p<0.001, Fig. 3b). Unlike summer, there 

was no consistent regional trend or trend in decrease in absorptance from high to low 

tide. 

Autumn values for chlorophyll a were significantly greater at TAY high and low 

tide than all sites except FTP and LOX low tide (F=9.24, p<0.001, Fig. 4b). With the 

exception of TAY, chlorophyll b increased from high to low tide, significantly so in LOX 

(F=8.50, p<0.001). The highest values for both pigments were observed in TAY high 

and TAY low tide and the lowest values observed in HAU and LOX high tide leaves. A 

regional trend was observed for UV-P values in autumn (Fig. 5b). Leaves from the 

northern sites (FTP and TAY) for both tides, had significantly greater UV-P levels than 
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leaves from the southern sites (HAU and OLE) at both tides, but with a barely 

significant F value (F=0.98, P=0.047). The central sites values were in the mid-range, 

not significantly different from southern or northern sites.  

 

Winter. HAU rETRmax values significantly increased from high to low tide, whereas all 

other sites exhibited winter values greater at high than low tide, significantly so with 

the exception of FTP (F=20.05, p<0.001, Fig. 1c). HAU high tide values for α in the 

winter were significantly greater than all other sites (F=8.88, p<0.001, Fig. 2c).  With 

the exception of LOX and OLE, α decreased from high to low tide, significantly so for 

TAY and JUP (F=8.88, p<0.001). There was a significant difference in leaf 

absorptance between the southern sites and TAY and LOX high tide values during 

winter (F=8.84, p<0.001). All river leaf absorptance values were greater at low than 

high tide (Fig. 3c). The values in the northern and central sites were greater in winter 

than any other season. 

The highest concentrations of chlorophyll a in the winter were measured within 

the northern sites, with significantly greater values observed at TAY low tide than any 

other site (F=19.33, p<0.001, Fig. 4c). The lowest values were observed in HAU at 

both low and high tide.  Chlorophyll b concentrations in the winter were also greatest 

at TAY low tide (F=18.95, p<0.001) and there was a distinct north-to-south regional 

difference among sites. All FTP and TAY mean chlorophyll values were greater than 

JUP and LOX mean values, which were greater than OLE and HAU mean values (Fig. 

4c). UV-P values followed a similar pattern as chlorophyll a with significantly greater 
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values at TAY during low tide (F=19.91, p<0.001) and a general decline from north to 

south (Fig. 5c).  

 

Spring.  In the spring, all values for rETRmax were greater for all sites at high tide than 

low tide, significantly so at all sites except JUP and FTP (F=22.04, P<0.001, Fig. 1d). 

With the exception of HAU, α values were greater at high tide than low tide for all 

sites, significantly so for FTP (F=5.63, p<0.001, Fig. 2d). There were no significant 

differences among β values in any of the seasons (data not shown). Absorptance 

values for the northern sites in the spring could not be calculated due to an instrument 

malfunction.  No significant differences among remaining sites or tides occurred in the 

spring. However, absorptance values decreased, though not significantly, from high to 

low tide at all sites except OLE, where there was little difference between high and low 

tide values (Fig. 3d).  

Spring chlorophyll a concentrations decreased from high to low tide in the 

southern sites, significantly so for HAU (F=18.3, p<0.001, Fig. 4d). The northern and 

central sites exhibited an increase from high to low tide, significantly so in TAY and 

LOX (F=18.3, p<0.001). Chlorophyll b concentration was significantly greater in the 

southern sites at both tides than at all other sites except TAY and LOX low tide values 

(F=30.29, p<0.001, Fig. 4d). The southern sites also exhibited a decrease in 

chlorophyll b from high to low tide (though not significant) unlike all other sites, which 

had increased concentrations from high to low tide.  UV-P values increased from high 

to low tide at all northern and central sites, only slightly so for JUP, but significantly so 
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for FTP and TAY (F=11.30, p<0.001). Values for UV-P at HAU and OLE decreased 

from high to low tide (Fig. 5d).  

 

 

Non-parametric results 

Because the initial spring 2006 data set was not complete due to logistic 

reasons and technical difficulties, an analysis of similarities (ANOSIM) was run with 

PRIMER 6© using only the variables that were able to be measured in spring 2006 for 

comparisons among the other seasons. ANOSIM calculated an R= 0.045 between 

spring 2006 and spring 2007, with a significance level of 0.1% and 999 permutations. 

R values for the other seasonal comparisons ranged between 0.4-0.6. An R 

approaching zero implies that the data sets are not dissimilar and R approaching one 

indicates dissimilarity among data sets, indicating that the two data sets are distinctly 

different. The two spring data sets were both dissimilar from all other seasons, but 

showed little dissimilarity between each other. Therefore, the complete spring 2007 

data set was used for further analyses. The variables used in the BIOENV analysis 

are in Table 1. For each BIOENV analysis for the physiological variables, the top five 

results from the BIOENV analysis for each season are listed (Table 2) with correlation 

values for each. The order in which the environmental parameters representing the 

percent correlation are presented in each of the five scenarios is not based upon rank 

of importance, but on order of appearance in the datasheet. The Rho (ρ) value for 

each season is represented by the first correlation value in each scenario.  
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Table 2. Halophila johnsonii. Correlation values and environmental variables for the 
top five scenarios from the BIOENV analyses to determine which environmental 
factors could ‘best’ predict the physiological response variables for each season; order 
of variable does not imply rank of importance. 
 
Correlation    
Summer Variables     

0.330 depth, bottom salinity, surface water spectral slope   
0.325 bottom salinity, surface water spectral slope   
0.298 depth, surface water spectral slope, bottom 412nm irradiance   
0.290 depth, surface water spectral slope, bottom PAR irradiance   
0.290 depth, surface water spectral slope, bottom PAR  and bottom 412nm irradiance 

    
Autumn Variables     

0.316 depth, surface and bottom salinity, bottom PAR irradiance   
0.309 depth, bottom salinity, bottom PAR irradiance   
0.308 depth, surface salinity, bottom PAR irradiance   
0.302 surface salinity, bottom PAR irradiance   
0.299 surface and bottom salinity, bottom PAR irradiance   

    
Winter Variables     

0.388 spectral slope bottom water   
0.386 spectral slope bottom water, Kd412   
0.384 bottom salinity, spectral slope bottom water   
0.321 bottom salinity, spectral slope bottom water, Kd412   
0.307 surface salinity, spectral slope bottom water   

    
Spring Variables     

0.368 surface and bottom salinity, spectral slope surface water   
0.352 depth, surface and bottom salinity, spectral slope surface water  
0.350 surface and bottom salinity, spectral slope surface water, Kd412  
0.348 depth, surface salinity, Kd412   
0.342 surface salinity, spectral slope surface water   
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Summer. In the summer two-dimensional MDS plots, which considered both the 

environmental and physiological variables, low and high tide datasets formed distinct 

separate groupings for all regions and sites along the horizontal axis (Fig. 6a).  The 

central paired sites were more closely grouped based on tide, rather than by site type 

and they were widely split along the horizontal plot axis to high and low tide groups.  

Thus, the central sites did not cluster together as a region, as did both the northern 

and southern sites. The northern sites (FTP, TAY) separated out from the other 

regions more distinctly along both axes of the MDS plot and the two sites clustered 

closely at low tide. The southern sites clustered together along the horizontal axis with 

the widest scatter for OLE at low tide. The sites that changed the least between tides 

were HAU and TAY.  

The MDS plot of only the physiological variables resulted in three distinct 

regional clusters (Fig. 6b).  This was the most distinct regional grouping observed in 

all seasons. This regional clustering could be the result of the northern sites (FTP and 

TAY) significantly greater values for pigments at both tides than all other sites and the 

highest rETRmax values also being observed at FTP and TAY during high tide. The 

central sites had higher UVP, but lower chlorophyll concentrations than the southern 

sites, which did not show a significant decrease between high and low tides values of 

rETRmax as did the central sites. The summer BIOENV results indicated that depth, 

bottom salinity and spectral slope (S) of the surface waters were most correlated with 

the physiological variables (ρ=0.33, Table 2). The highest salinities were observed in 

the summer, up to 38.1 and some sites exhibited a distinct increase in S from high and  
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2D Stress: 0.15

 
2D Stress: 0.16

 

(a) 

(b) 

Fig 6. Halophila johnsonii. Summer 2-D MDS plots: (a) All variables by site and tide, 
filled symbols represent high tide and open symbols represent low tide. Sites are 
represented by following symbols: FTP: triangle, TAY: inverted triangle, JUP: square, 
LOX: diamond, HAU: circle, OLE: star is high tide and cross is low tide. (b) Biological 
variables only by region: North: triangle, Central: square, South: circle. 
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low tide (e.g. JUP 0.0091 to 0.0159 nm-1, with 0.0091 being the lowest observed 

surface S among all sites and seasons).  

 

Autumn. In the autumn two-dimensional MDS plot applying all variables, the central 

region showed high differentiation between inlet and river sites, however, the northern 

region exhibited less site-type differentiation than in summer (Fig. 7a). The MDS plot 

showed that the northern river and inlet sites were most similar to each other within 

each tidal period. The southern sites changed the least between tides on the vertical 

axis and showed high within-tide similarity between river and inlet sites along the 

horizontal axis, although the river and inlet sites were not grouped together along the 

vertical axis. As in summer, there was high variability at OLE during low tide along the 

vertical axis. With the exception of HAU and to a certain extent OLE, all low tide and 

high tide datasets grouped separately along the vertical axis.  The physiological MDS 

plots indicated no clustering into regions (Fig. 7b), tides, or site types (plots not 

shown) during autumn. Average values for UVP and chlorophyll concentrations 

exhibited less difference among regions in autumn than for summer values and 

although there were some differences in rETRmax between high and low tides at all 

sites, there was less variability among regions. Results from autumn BIOENV 

analyses indicated that depth, salinity and bottom PAR had the best correlations 

among environmental and physiological variables (ρ=0.316, Table 2). Autumn 

salinities were the lowest of all seasons, down to 7.2, and encompassed the greatest 

range (36.2-7.2).  There was also a large range in bottom PAR, 3-66 μW cm-2 nm-1. 
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2D Stress: 0.19

 
2D Stress: 0.19

 

(a) 

(b) 

Fig 7. Halophila johnsonii. Autumn 2-D MDS plots: (a) all variables by site and tide and 
(b) biological variables only by region. See Figure 6 legend for symbol description. 
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Winter. In general, the winter MDS plots showed the least amount of clustering among 

sites or regions, with all sites grouping relatively close to one another. This indicates 

that all of the sites and regions were most similar during winter. The northern region  

generally grouped fairly close together regardless of site type or tide on the MDS plot 

for all variables (Fig. 8a), though there was more similarity based on tide than site 

type. The central region had three distinctly separated clusters, with the JUP (inlet) 

low tide values grouping with the LOX (river) high tide values and with LOX low and 

JUP high tide values each displaying a unique separated grouping. All of the southern 

sites clustered along the horizontal axis with the exception of HAU low tide, which 

separated out into another distinct group (Fig. 8a). The MDS plot based on 

physiological variables showed more regional separation than autumn, especially 

between the northern and central populations, but clustering was less distinct than 

observed in summer (Fig. 8b). The northern and southern populations had similar 

values in UVP and α and the central and southern populations had similar values in 

chlorophyll concentration. The northern sites had the highest values for pigments in 

the winter. BIOENV results indicated that spectral slope (S) of the bottom water, 

bottom salinity and Kd412 best correlated with the physiological variables during winter 

(ρ=0.384-0.388, Table 2).  Unlike all other seasons, depth was not in the top five 

correlation scenarios.  Kd412 values in the winter ranged from 0.27-4.15, with many 

sites exhibiting relatively large increases from high to low tide (e.g., LOX 0.70-4.15). 

Bottom salinity decreased from high to low tide at all sites, in some cases by almost 

10 (LOX 34.4-24.6).  Both of these patterns suggest a relatively large river influence 

during this season. 
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2D Stress: 0.18

 

(a) 

2D Stress: 0.17

 

(b) 

Fig 8. Halophila johnsonii. Winter 2-D MDS plots: (a) all variables by site and tide and 
(b) biological variables only by region. See Figure 6 legend for symbol description. 
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Spring. The two-dimensional MDS plot of all measured variables during spring showed 

clustering of southern sites separate from northern and central sites, with the 

exception of OLE low tide (Fig. 9a). In the northern region along the horizontal axis 

there was high similarity between the TAY high tide and FTP high tide, whereas in the 

central region similarity along this axis was observed at JUP low tide and LOX high 

tide. Other notable groupings included LOX low tide with OLE low tide and TAY low 

tide with JUP low tide.  Based upon the physiological variables, the southern region 

separated out as a distinct cluster from the northern and central regions, which 

clustered together (Fig. 9b). The southern sites had the highest values of chlorophyll 

and combined rETRmax, but the lowest values of UVP with less variation between site 

types than observed in the other regions. With the exception of LOX high tide, the 

northern and central regions had similar rETRmax values.  Spring BIOENV analyses 

indicated that the most correlated environmental variables were salinity (both surface 

and bottom) and spectral slope of the surface water (ρ=0.368, Table 2). Salinities in 

the spring were near marine for all sites sampled (32-36). The surface S values did 

not consistently increase from high to low tide at all sites, but were generally higher 

than observed in the other seasons. The highest S value of all seasons was observed 

at HAU low tide in spring (0.0376 nm-1). 

 64



2D Stress: 0.18

 
2D Stress: 0.14

 

(a) 

(b) 

 
Fig 9. Halophila johnsonii. Spring 2-D MDS plots: (a) all variables by site and tide and 
(b) biological variables only by region. See Figure 6 legend for symbol description.
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DISCUSSION 
 

Spatial variation in photophysiological responses of Halophila johnsonii was 

observed at both regional and habitat scales. Plants at the river and inlet habitats also 

varied in physiological characteristics between tides, especially at the riverine sites. 

(e.g., TAY in most seasons had a greater change in rETRmax and/or chlorophyll from 

high to low tide compared to FTP). Riverine populations were generally exposed to 

higher fluctuations of light quality and salinity (combination of stressors) than the inlet 

influenced populations and exhibited more variation in photophysiology.  Differences 

in the magnitude of variation in environmental parameters is likely eliciting distinct 

physiological acclimation responses to tide states among populations of H. johnsonii 

from the two habitat types, as indicated by the MDS grouping patterns. The closely-

related Halophila ovalis decreases quantum yield under increased light when 

combined with hypo-osmotic stress from decreased salinity (Ralph 1999). Similarly, 

estuarine Halophila engelmanii plants were proposed to be more acclimated to lower 

salinities than marine populations due to greater photosynthetic rates at lower 

salinities (15-25) (Dawes at al. 1987).  Marine Halophila ovalis did not tolerate 3-week 

exposure to a salinity of 20, whereas estuarine populations grew initially then declined 

at 20, but reversed the signs of stress at a salinity of 25 (Benjamin et al. 1999). 

Results from the BIOENV analyses indicate that the plants’ photophysiological 

characteristics in my study correlate with habitat-based (and possibly tide-state based) 

salinity characteristics.  

It is known that long term (days to weeks) hyposalinity conditions adversely 

affect Halophila johnsonii (Dawes et al. 1989, Torquemada et al. 2005, Chapter 3).   In 
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most seasons OLE exhibited a drop in rETRmax that coincided with a drop in salinity, 

with the exception of autumn, when salinity remained low over the course of the day. 

Torquemada et al. (2005) observed a decrease in Pmax in lab-cultured H. johnsonii 

with decreased salinity and determined that H. johnsonii is less tolerant of hypo- than 

hyper-saline conditions. My study suggests that H. johnsonii is tolerant of fluctuations 

in the lower salinity ranges on a daily scale, but may be adversely affected by long 

term (weeks to seasonal) exposure to hyposalinity. This may be a factor limiting the 

upstream distribution of H. johnsonii in riverine environments that may remain 

hyposaline for extended periods of time.  

Other physiological responses also varied between the riverine and marine 

influenced populations. The riverine populations of Halophila johnsonii had higher 

levels of chlorophyll in most seasons, although the increased pigment levels did not 

always coincide with lower light levels compared to the inlet sites, at the time of my 

sampling. Intertidal seagrasses and macroalgae generally increase chlorophyll a 

under decreased irradiance (Czerny & Dunton 1995, Figueroa et al. 2002). With a 

decrease in PAR, the river sites generally exhibited a greater increase in chlorophyll 

than the inlet populations. This suggests that the riverine populations are more shade 

adapted, which is further supported by the morphological characteristic of larger 

leaves on H. johnsonii in riverine influenced environments (Chapter 1). 

River and inlet populations of Halophila johnsonii also exhibited spatial variation 

in photophysiological characteristics across the latitudinal range of this species.  In the 

central region, ‘riverine’ and ‘marine’ populations generally exhibited similar seasonal 

and tidal responses in rETRmax and chlorophyll, grouping them together by tide rather 
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than by site type in the MDS plots. This clustering pattern was also observed in the 

structural characteristics of H. johnsonii from the central region (Chapter 1). In 

contrast, the northern and southern riverine and inlet sites were more variable in 

response to tidal effects, indicating that the two types of environments (river vs. inlet) 

are more distinct at the limits of this species’ distribution. This suggests that H. 

johnsonii may be more sensitive to environmental changes at its distributional limits.  

However, my results also indicate that in the northern and southern study locations, 

the riverine- and marine-influenced sites exhibited greater fluctuations in 

environmental parameters between the habitat types, particularly in optical properties, 

salinity and depth; the latter two were the top correlative factors with physiological 

variability in my study in all seasons except winter.  

Regionally, the northern populations were physiologically distinct from the 

southern populations. In most seasons, rETRmax was greater in the northern 

populations.  In addition, pigment concentrations (chlorophyll and UVP) were higher in 

the north in all seasons except spring, when values were relatively low at all sites. 

Absorptance values between these two regions also exhibited different patterns of 

seasonal variation, fairly uniform in the north, highly variable in the south.  This 

variation in absorptance did not relate linearly with chlorophyll concentrations. Past 

studies of other seagrasses have attributed this non-linear response to the packaging 

effect, whereby chloroplasts clump, increasing self-shading and reducing the impact of 

high light intensity (Enriquez 2005, Ralph et al. 2007).  This packaging effect has been 

observed in shallow populations of Halophila stipulacea, where chloroplasts tightly 

clump in response to intense light (Drew 1979). Leaf absorptance also has been 
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observed to vary diurnally in response to irradiance. H. stipulacea decreases leaf 

absorptance in response to increased (mid-day) irradiances (Sharon & Beer 2008). I 

did not measure daily responses in absorptance to irradiance, but did observe a 

decrease in leaf absorptance from summer to spring, when total daily irradiance would 

be lower.  

Responses to seasonal variations in irradiance were also observed in the 

photosynthetic parameters of Halophila johnsonii.  I observed the highest values for 

quantum efficiency (α) and photosynthetic capacity (rETRmax) in the summer and 

minimum values during spring. Likewise, Halophila stipulacea in the Red Sea exhibits 

the highest values of rETR in the summer (Schwarz & Hellblom 2002). Posidonia 

oceanica exhibits greater ETRmax in the autumn (September) than winter (February) 

suggesting that P. oceanica decreases photosynthetic capacity during acclimation to 

decreased solar irradiation in the winter compared to the summer and autumn  

(Figueroa et al. 2002). Beer et al. (1998) reported an increase in rETR in H. stipulacea 

under increased levels of irradiance and Campbell et al. (2007) observed an increase 

in rETRmax and Ek with increased irradiance for several seagrasses in intertidal 

habitats. In my study, irradiance measured at the time of sampling was not a 

correlative factor for the photophysiological variables in winter and spring, but was in 

the other two seasons. In summer and autumn, irradiances and day lengths are 

maximum, which may have elicited the maximum photosynthetic capacity of H. 

johnsonii. 

Several optical properties of the water column varied significantly among 

seasons and correlated with photophysiological variation in Halophila johnsonii. In the 
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winter and spring, CDOM spectral slope (S) and Kd412 were the top optical factors 

correlated with the photophysiological parameters of H. johnsonii. Although it is not 

intuitive that the ‘dry’ season would exhibit greater effects of CDOM parameters than 

the ‘wet’ season, this study took place during a drought year (Chapter 1) and no 

hurricanes directly impacted the study region during the study period.  This resulted in 

minimal seasonal differences in direct rainfall, but may have increased the importance 

of watershed influences through river inflow which could be expected to exhibit a 

significant time lag with regional rainfall. With elevated CDOM present in the water 

column (indicated by an increase in spectral slope and Kd412), H. johnsonii receives 

less PAR and UV irradiance. Halophila ovalis and Thalassia testudinum vary UV-

blocking (photoprotective) pigment concentrations in response to varying UV radiation 

(Dawson & Dennison 1996, Detrés et al. 2001). Results from a transplant study by 

Durako et al. (2003) suggest that H. johnsonii UV pigments decrease in response to a 

decrease in PAR and UV irradiance. I also observed that a decrease in UV light 

associated with increased CDOM (increase in Kd412) coincided with a decrease in 

UVP, in most cases, which in autumn and summer occurred during low tide. However, 

in the winter and spring the opposite trend was generally observed. These apparently 

conflicting observations suggest that the suite of UVP flavonoids in H. johnsonii may 

serve a photoprotective function during high-light months, but may have other 

physiological roles in the plant at other times; possibly responding to plant 

development patterns or other stressful abiotic factors in the environment. Flavonoids 

serve numerous functional and stress-response roles in plants, acting as antioxidants, 

plant growth regulators, as well as sun-screens (Yamasaki et al. 1997, Harborne & 
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Williams 2000). A mixture of flavone glycosides and acetyglycosides have been 

identified in H. johnsonii (Meng et al. In press, Krzysiak 2006), thus it is quite plausible 

that they serve a variety of physiological roles.  

Depth correlated with the physiological variables in all months except winter. 

This factor influences overall light availability in a habitat. Halophila johnsonii at HAU, 

my deepest site (1.45-2.70 m), often exhibited lowest values of rETRmax compared to 

the other sites. Seagrass photophysiological responses are known to vary along depth 

gradients. A negative correlation between depth and Pmax has been reported for 

Zostera marina (Dennison & Alberte 1986). Deep-growing Halophila ovalis and H. 

stipulacea, exhibit low-light adaptations with lower Ek values than shallow-growing 

plants (Bité et al. 2007, Campbell et al. 2007).  However, other environmental factors 

aside from light are affected by depth, such as water temperature, water flow and 

wave energy. Flow and wave energy can affect seagrass morphology (Jensen & Bell 

2001) and sediment composition, which also affects nutrient availability.  Dawson and 

Dennison (1996) determined that under nutrient-deficient conditions Halophila ovalis 

increased flavonoid production. They suggested that this response increased UV-

protection and decreased UV stress, under nutrient-poor conditions. Nutrients, along 

with salinity, also affect Zostera noltii growth (Cabaço et al. 2007).    

My results suggest that photophysiological characteristics of Halophila johnsonii 

varied among sites, tides and seasons in response to synergistic effects of the 

physical and optical parameters I measured. Specific environmental parameters that 

correlated with the physiological characteristics of H. johnsonii exhibited seasonal 

variation, but it was clear that depth, salinity and CDOM played important roles in most 
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if not all seasons. However, as the correlation values (ρ) were not high enough to 

explain the majority of the variation among physiological responses, other 

environmental parameters such as water flow, wave energy, sediment type and 

nutrients should be examined to further determine the effects of these habitat 

conditions on H. johnsonii.  Future comprehensive characterization of habitat types 

and how they relate to the latitudinally-variable responses within the range of H. 

johnsonii should help to establish a better understanding of the basis for the limited 

geographical distribution of this species.  

 CDOM-related optical properties did correlate with photophysiological variation 

of this species in most seasons.  CDOM effects should be investigated during more 

typical wetter years to get a better understanding of the significance of CDOM-based 

optical effects and their relationship to light attenuation, spectral effects (especially in 

the UV range) and rainfall-induced hyposaline conditions. From my results, it seems 

that the flavonoids found in H. johnsonii decrease in response to decreased UV 

(increased Kd412 conditions) in seasons of high light, but the pattern between UVP and 

CDOM was not consistent among all sites or seasons.  The flavonoids are likely 

serving other physiological roles which may vary between riverine and marine 

influenced populations. 

Spatial variation in photophysiological responses of Halophila johnsonii was 

distinctive at the large scale, among geographic regions, and at the local scale, 

between river and inlet sites. Temporally, there were also distinct seasonal patterns, 

which exhibited spatial variation at both scales. The plants responded to short-term 

environmental changes between tides, but the tidal responses were variable among 
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regions and between site types. Higher temporal resolution diurnal studies may help to 

determine the rates of specific environmentally-based physiological response variation 

between riverine and marine influenced populations over a tidal cycle. Based upon my 

study, salinity has a major influence on H. johnsonii and  should be continually 

monitored and managed across its habitat range, as long-term (weeks) hyposalinity 

conditions (and the correlative effects of elevated CDOM) likely have a detrimental 

impact on existing populations. Hyposalinity may be a major controlling factor in 

limiting the northern distribution of H. johnsonii. Recently, towards the end of two 

years of drought, a small population of H. johnsonii was observed several kilometers 

north of its previous northern distribution limit, in an area of Indian River Lagoon that 

normally has persistent hyposaline conditions and lower water-clarity conditions 

(Virnstein & Hall 2008).  However, this extension in the northern range was suggested 

to be ephemeral and a response to favorable water quality conditions (e.g. increased 

water clarity and decreased prolonged hyposalinity events, Virnstien & Hall 2008). 

Seasonal variation in photophysiological as well as structural responses (Chapter 1), 

suggest that the southern distribution limit of H. johnsonii may also be environmentally 

limited. The greatest intra-annual and between-site (river vs. inlet) variability was 

exhibited by the southern populations. Environmental factors in the southern region 

may seasonally reach threshold levels which prevent this species from increasing its 

distribution southward. Further investigation of a broader array of environmental 

parameters to characterize the southern habitat may help to determine what these 

parameters may be.  
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CHAPTER 3: PHOTOPHYSIOLOGICAL RESPONSES OF HALOPHILA JOHNSONII 
TO EXPERIMENTAL HYPOSALINE AND HYPER-CDOM CONDITIONS 

 

 



Abstract  

 The endemic seagrass Halophila johnsonii grows in intertidal to 3 m deep 

habitats, near both marine and riverine inputs. These habitats have widely ranging 

salinity and water color in the form of chromophoric dissolved organic matter (CDOM). 

Salinity and CDOM fluctuate daily due to tides and seasonally from heavy rain and 

stochastic storm events. CDOM affects the amount of short wavelength radiation 

penetrating the water column thus affecting the quality and quantity of light available for 

photosynthesis. H. johnsonii produces flavonoid compounds that maximally absorb in 

the UV range. These flavonoids are thought to function as UV-protectants (UVP) in 

high-light and UV-intense environments. This mesocosm study examined the 

photophysiological responses of H. johnsonii under experimental treatments of three 

salinities (10, 20 and 30) with and without CDOM. Main treatment effects as well as 

possible synergistic or additive effects of the treatments at both short (1 day to 1 week) 

and longer-term (1 month) scales were examined.  Response metrics included relative 

electron transport rate (rETRmax), photo efficiency (α) and pigment content. There were 

no significant CDOM or CDOM x salinity effects over any of the experimental treatment 

durations. However 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. There was a significant UVP response to salinity treatments, though the 

response was not consistent between early and late summer experiments. Between 

early and late summer experiments, rETRmax values and daily light levels significantly 

declined, chlorophyll concentrations significantly increased, but UVP levels exhibited 

little change. My results do not support the role of UVP’s as a high light or UV-
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photoprotector, but indicate that different salinity environments contribute to changes in 

the production of these flavonoid compounds. 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. These experimental results indicate that in response 

to hurricanes or other large freshwater influx events, prolonged hypo-salinity conditions 

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

johnsonii.  

Keywords: Halophila johnsonii; hyposalinity; CDOM; hurricanes 
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1. Introduction 
 

Halophila johnsonii Eiseman is endemic to 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), 

which includes much of the Indian River Lagoon. This region is susceptible to 

hurricanes that increase the amount of freshwater entering coastal systems, both from 

direct rainfall and indirectly from increased land runoff causing decreases in salinity as 

well as increases in chromophoric dissolved organic matter (CDOM). Monitoring studies 

have observed that abundance of H, johnsonii at permanent monitoring sites decreases 

during wet years, suggesting that influx of freshwater has a negative impact on the 

population (Virnstein and Morris, 1996).  The multiple hurricanes that impacted this 

region in 2004 reduced water transparency and salinity fell from 30 to less than 15 in 

some regions of the Indian River Lagoon (Steward et al., 2004). Although hurricanes 

are stochastic events, the resulting altered environmental conditions may persist for 

extended periods of time. Uncharacteristically hyposaline conditions of less than 20 

persisted within the lagoon through the following year after the 2004 hurricanes 

(Steward et al., 2004). 

Hyposalinity negatively affects H. johnsonii. Lab studies indicate that growth and 

photosynthetic activity decrease and mortality increase with decreased salinity 

(Torquemada et al., 2005).  Halophila johnsonii and its co-occurring con-generic H. 

decipiens did not tolerate a salinity of 5 over the course of a three day acclimation 

period in lab culture (Dawes et al., 1989).  In H. ovalis, plants from marine habitats were 

intolerant to hyposaline conditions; estuarine plants showed signs of decline only after 

prolonged (3-4 weeks) exposure to a salinity of 20 (Benjamin et al., 1999). Halophila 
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ovalis also exhibited negative responses to increased rain and resulting increased 

turbidity, exhibiting the lowest biomass and densities during the rainy season. 

Increased turbidity is not the only optical property of the water column affected by 

storm events.  In addition, in low energy and low flow areas, increased turbidity 

following storm events may not persist for long periods of time. In contrast, elevated 

CDOM concentrations along with reduced salinities, from freshwater runoff and river 

discharge entering coastal systems may be evident for more extended periods. Along 

the southwest Florida coastal waters, CDOM fluorescence increased with increased 

river input (and decreased salinity) during a period of increased rainfall and subsequent 

greater river discharge (Zanardi-Lamardo et al., 2004).  The various components of 

CDOM have distinctive fluorescent signatures that can be used to trace terrestrial runoff 

into marine waters versus autochthonous marine production (Kowalczuk et al., 2003). 

CDOM preferentially absorbs short wavelength sunlight and is thus highly influential in 

the resulting optical properties of the water column. 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. The 

presence of humic substances in the water (components of CDOM) provides 

phytoplankton protection from UV-B radiation effects thereby increasing growth and 

decreasing photoinhibition (Nielsen and Ekelund, 1993). A change in the 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). 
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Optical water quality may be a particularly important aspect to consider regarding 

the growth and survival of H. johnsonii as it produces a suite of flavone glycosides and 

acetyglycosides that maximally absorb light in the UV range (330-380 nm, Krzysiak, 

2006). Many of these pigments are unique to H. johnsonii (Meng et al. In press) and are 

not present in the co-occurring con-specific H. decipiens and they are thought to act as 

UV-protective pigments (UVP, Durako et al., 2003). Transplant studies involving H. 

johnsonii and H. decipiens found that the UVP peak in H. johnsonii was 30% lower in 

subtidal than intertidal plants supporting the suggestion that the flavonoids function as a 

sunscreen (Durako et al., 2003). However, a later study examining 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 (Kunzelman et al., 2005). 

These authors suggested that the flavonoids may have physiological roles other than 

solely UV protection. 

Here I 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. I 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 utilize energy in 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.  My 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, hurricanes, 
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stochastic rain events or changes in freshwater discharge and whether the response 

patterns might provide insights into its unique distribution pattern.  
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2. Materials and methods  

2.1. Plant material 

     Because of the limited size of my mesocosm system (sixteen 38 l aquaria in four 

fiberglass troughs), three 1-month duration experiments were run in an effort to increase 

statistical power. Halophila johnsonii rhizome segments of three to five leaf pairs were 

collected at a shallow site near Jupiter Inlet, Florida (Lat: 26º 56.692’ N, Lon: 80º 

04.756’ W) on May 23rd, June 30th, and August 4th, 2006. The segments were 

transported in coolers containing ambient seawater back to a laboratory in Ft. Pierce, 

Florida at which time they were planted in 9 x 9 x 9 cm plastic pots, which had been pre-

sterilized with bleach and were filled with store-bought play sand. A piece of plastic 

mesh screen was used to cover each pot to minimize plant disturbance from water 

motion during transport to North Carolina. 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 l experimental-treatment aquaria. Treatments 

were assigned randomly among four fiberglass mesocosms, which were used as water 

baths for temperature regulation (Fig. 1). The mesocosms were located outside oriented 

in an east-west direction, to minimized shading from the mesocosm 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) 
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Fig. 1. Example of the experimental design for mesocosm treatments. Treatment 
locations were randomly assigned for each of the three 1-month duration experiments. 
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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 [aCDOM(350) = 29.9 m-1, Kowalczuk et al., 2003]. CDOM treatment water 

was collected from the Black River 3-5 days prior to plant collection and filtered through 

0.7μm GF/F filters to remove particulates and organisms. 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 also 

added to treatment media in the formulation of Von Stosch’s nutrient enrichment media.  

    Twelve potted Halophila johnsonii plants were haphazardly selected and placed in 

each tank at dusk. The following morning was designated day 1. A LICOR 2π 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, light measurements 

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. 
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2.3. Photosynthetic measurements 

 After 1, 7 and 28 days at 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 of 92, 

186, 341, 531, 752, 1143, 1573 and 2406 μmol photons m-2 s-1 were applied at 10 s 

intervals. An effective yield measurement (ΦPSII) 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 ΦPSII 

measurements.  All measurements were conducted between 1000-1300 h. Relative 

electron transport rate (rETR) was estimated using the following equation: 

 rETR= ΦPSII  x  PAR x 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 rETRmax, α (initial slope) and β (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=Ps(1-e-(αPAR/Ps))e-(βPAR/Ps) 

The Ps value is a scaling factor which was in turn used to calculate rETRmax (Platt et al., 

1980). 
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 rETRmax=Ps[α/(α+β)][β/(α+β)](β/α) 

In cases where no down-regulation occurred (β=0), Pmax=Ps calculated via initial 

equation. All model results were calculated using SAS 9.1©. 

 

2.4. Pigment and morphometric measurements 

 The leaf pair used for the RLC measurement was then 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)π]. 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]= 20.36(A647) – 5.50(A664) 

Relative UV pigment content was estimated by calculating the average absorbance 

between 341 to 345 nm (A341-A345). 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. 

 

 

 88



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; 

when no significant difference was detected 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; if no significant differences among 

months were found, 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 and 3.  The 

first experimental month values were significantly different from both later months. 

Therefore, months 2 and 3 were pooled and will be designated “late summer” and 

month 1 results will be designated “early summer.” Two-way ANOVAs were used to 

examine the significance of the main treatment effects: salinity and color, and treatment 

interactions (salinity x color) using SAS 9.1© with a 95% probability level.  Values 

reported, unless otherwise noted, are calculated from the Type III sums of squares. Late 

summer values were averaged for months 2 and 3. In cases where tests for normality 

failed, Kruskal Wallis one-way ANOVA on ranks was applied to compare the sampling 

periods between late and early summer and among sampling periods using SigmaStat© 

3.5. In cases where differences were significant (p<0.05) then Dunn’s method, an all-

pairwise multiple comparisons test, was used to determine wherein those differences 

occurred.  
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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. 

 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 12.9mm (±0.93) and 2.15mm (±0.21) respectively and the average 

leaf area was 21.8mm2 (±2.7). 

 

3.2. Photosynthetic responses 

3.2.1. Early summer  

 Early summer plants exhibited greater values of rETRmax over the course of the 

experiment than did late summer plants (compare Figs. 2 and 3). In both CDOM and 

non-CDOM salinity 20 and 30 treatments, the greatest values of rETRmax among the 

three sampling periods were observed on day 28; significantly so in treatments 20 and 

30 compared to day 1 (F= 8.38, p=0.007 and F=5.59, p<0.001 respectively). The values 

of rETRmax 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 α on 

day 1 than days 7 or 28 (Fig. 2, F=13.73, P<0.001 and F=21.51, p<0.001 respectively).  
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Fig. 2. Early summer α and rETRmax average values (+stderr) for H. johnsonii in each 
treatment 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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Fig. 3. Late summer α and rETRmax average values (+stderr) for H. johnsonii in each 
treatment 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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Although on day 28 α values were greater in the non-CDOM than CDOM treatments in 

both salinities, the differences were not significant. In salinity 10, both CDOM and non-

CDOM treatments exhibited a significant decrease in α  from day 1 to day 7 (F=47.32, 

p<0.001). Also, in both treatments 10 and 10B, rETRmax values were slightly, but not 

significantly greater on day 7 than day 1 (Fig. 2).  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 photosynthetic parameters within each time 

period (day 1, 7, 28) 

 

3.2.2. Late summer 

 Both rETRmax and α exhibited significant decreases from day 1 to day 7 for all 

salinity treatments (Fig. 3, rETRmax: F=38.77, F=23.53, F=29.38, all p<0.001; α: 

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), rETRmax values were greater, 

though not significantly, at salinity 20 than 30 and 10 on day 7 and remained slightly 

greater by day 28. No significant CDOM effect was 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. UVP levels on 

day 1 were higher, though not significantly, in plants in salinity 20, regardless of color 
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treatment (Fig. 4). 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 was also no significant CDOM or 

CDOM x salinity interaction effect. Day 1 values for chlorophyll a in all salinities (10, 20 

and 30) were significantly greater than days 7 or 28 (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 (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. Although there was a general decline in chl b from day 1 to day 28, the 

change was not significant. 

  

3.3.3. Late summer 

 On day 1, in late summer, there were no significant differences in pigment 

characteristics among any treatments (Fig. 5). 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 (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 (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 observed  
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Fig. 4. Early summer chlorophyll a and b and UVP average values (+stderr) for H. 
johnsonii in each treatment 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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Fig. 5. Late summer chlorophyll a and b and UVP average values (+stderr) for H. 
johnsonii in each treatment over the experimental period. Treatments are salinity 10 
(unfilled), 20 (light grey) and 30 (dark grey) and non-color (solid) and colored (B) 
(hatched). 

 96



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 (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.  

 

3.4. Irradiance 

 Early and late summer average PAR values are shown in Fig. 6. 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, day 28 values were significantly lower (p<0.05) 

than days 1 or 7, which were not significantly different from each other. There were no 

significant differences in percent absorption of surface irradiance at 412nmn the CDOM 

treatment among salinity treatments, though the values increased with increased salinity 

(46%±2.7, 47%± 6.8, 49%±5.3 reduction 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 412nm in the CDOM 

treatments vs. non-CDOM (average 10%±1.5 reduction relative to subsurface 

irradiance) treatment (p<0.001). 
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Fig. 6. Average (±stdev) PAR levels for early (filled circles) and late (open circles) 
summer on each day of treatment (n = 180). 
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4. Discussion 

 The results of this mesocosm study suggest that Halophila johnsonii is not 

tolerant of prolonged exposure to hyposalinity conditions, which is consistent with 

previous laboratory studies (Dawes et al., 1989; Torquemada et al., 2005). Although 

there was a significant increase in light attenuation at the shorter wavelengths in the 

hyper-CDOM treatments, this did not significantly affect the photophysiological 

responses across the treatment salinities or reduce mortality rates of H. johnsonii in 

either of the hyposaline treatments. All plants died in the salinity 10 treatment within 10 

days. Within the optical environments created in this study, decreased irradiance at 

lower wavelengths did not significantly affect survival, physiological responses or 

morphology in this species.  

 Halophila johnsonii photophysiology did respond to differences in PAR levels 

between the early and late summer experiments and appeared to acclimate to longer-

term (monthly) differences in PAR. The significantly higher PAR values observed in the 

early summer corresponded with the overall higher values of rETRmax observed at that 

time. 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 rETRmax to changes 

in the light field. Halophila stipulacea shows an increase in rETR with increased 

irradiances and H. ovalis also has a high tolerance to high irradiance, exhibiting little 

mid-day depression in ETR at high afternoon irradiances (Beer et al., 1998; Beer and 

Björk, 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 
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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 commonly 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 et al., 1995; Longstaff 

and Dennison, 1999) and H. ovalis decreases chloroplast numbers under increased UV 

conditions (Dawson and Dennison, 1996). In my 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 must 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 

contrast, both Halophila ovalis and Thalassia testudinum increase UV-blocking pigment 

levels under increased UV radiation (Dawson and Dennison, 1996; Detrés et al., 2001). 

It appears that under the optical environment in my study, despite the large differences 

in light attenuation at 412nm 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 
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conclusion of Kunzelman et al. (2005) that in Halophila johnsonii the primary 

physiological role of the flavonoids may not be UV protection. 

 That H. johnsonii produces a suite of flavonoids and derivatives indicates that 

they serve an important physiological function (Meng et al., In press), one of which may 

be as UV-protective pigments (Krzysiak, 2006). However, investigations into the 

complex nature of flavonoids indicate that they do not solely function as sunscreens, but 

have many other ecological and physiological functions (Rozema et al., 2002). 

Flavonoids serve a wide array of functions including sunscreens, anti-oxidants and 

growth regulators and flavonoid production may increase in response to general plant 

stress (Yamasaki et al., 1997; Harborne and Williams, 2000). My study does not support 

their 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 my experiments was not mitigated by a decrease in UV-

radiation (increased CDOM) as H. johnsonii continued to put energy into the production 

of these carbon-rich flavonoids regardless of the level of UV exposure. The results 

indicate that in response to hurricanes or large freshwater inflows, prolonged low salinity 

conditions may be the most detrimental impact for this species and are an important 

environmental aspect to manage to maintain suitable habitat for H. johnsonii. It is also 

clear that further investigations into the production, allocation and localization of the 

flavonoid compounds within H. johnsonii are needed to elucidate their physiological role. 
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CHAPTER 4: WAVELENGTH-SPECIFIC PHOTOSYNTHETIC RESPONSES OF 
HALOPHILA JOHNSONII FROM MARINE VERSUS RIVERINE INFLUENCED 

HABITATS 
 

 



Abstract 
 

The seagrass Halophila johnsonii Eiseman grows from 3 m to the upper intertidal 

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). CDOM preferentially increases the 

attenuation of short-wavelength light in the water column and is much more abundant in 

riverine environments. Thus, the optical quality of light among habitat types fluctuates 

tidally and seasonally. H. johnsonii contains a suite of flavonoid compounds that 

maximally absorb short-wavelength light and are thought to serve as UV-protective 

pigments (UVP). In this study, wavelength-specific photosynthetic responses of the 

seagrass, H. johnsonii, were compared between plants from a riverine-influenced high-

CDOM habitat (Oleta River) and those from a nearby marine-influenced low-CDOM 

environment (Haulover Inlet) in Florida. Oxygen electrodes were used to measure dark 

respiration and photosynthesis under near-constant irradiance (60 μW cm-2) at nine 

specific wavelengths from 340-730 nm. Oleta River plants had higher gross 

photosynthetic rates, normalized to chlorophyll a and higher quantum efficiencies than 

Haulover Inlet plants at shorter wavelengths (350, 400 and 450 nm).  In contrast, 

Haulover Inlet plants had higher gross photosynthetic rates and quantum efficiencies at 

the two longest wavelengths, 730 and 694 nm. Oleta plants also exhibited higher 

variation in photosynthetic responses across the spectrum and had highly variable 

pigment levels among replicates. Average UVP values in Oleta River were greater than 

in Haulover plants as were concentrations of chlorophylls a and b. Greater chlorophyll 

concentrations in the riverine-influenced population suggests they were more shade-
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acclimated compared to the marine-influenced populations.  The riverine habitat has 

highly variable, but generally lower-light availability than the inlet site and higher 

attenuation of short-wavelength radiation by CDOM. Habitat differences in the 

wavelength-specific photosynthetic responses and pigment levels indicate a spectral 

component to the shade acclimation of the riverine plants. The higher and more variable 

production of UVP in the riverine population is 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 riverine site.  They may also serve other physiological roles, such as anti-

oxidants, in response to stressors such as hyposalinity and extreme temperature 

conditions in the highly-fluctuating riverine habitat. 

KEYWORDS: Halophila johnsonii, seagrass, photosynthesis, action spectra 
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1. Introduction  
 

Photosynthetic responses to variations in light quality have been examined in 

corals, macro- and micro-algae and land plants (Lüning 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; Godínez-

Ortega et al., 2008) and pigment composition (Franklin et al., 2001; Mercado et al., 

2004; Mouget et al., 2004). In macroalgae, light quality has a direct effect on quantum 

yield responses and reflects accessory pigment composition (Lüning and Dring, 1985).  

The light quality and quantity to which Halophila johnsonii is exposed, are highly 

variable among habitat types as this seagrass grows from 3 m deep to the intertidal 

zone in both marine- and riverine-influenced environments in southeastern Florida 

(Virnstein and Morris, 2007). Variation in light quality, especially in riverine-influenced 

habitats, is high and mainly due to the variable presence and relatively high 

concentrations of chromophoric dissolved organic matter (CDOM).  CDOM 

exponentially absorbs short wavelength light (UV-blue, Kirk, 1994). In riverine 

populations of H. johnsonii the difference in light quantity and quality, particularly at 

shorter wavelengths, may affect the photosynthetic responses, when compared with 

plants from marine-influenced, low CDOM (decreased UV attenuation) environments.  

UV-absorbing compounds, such as mycosporine-like amino acids (MAA’s), in 

other marine photosynthetic organisms, such as dinoflagellates and red algae, increase 

under increased short-wavelength irradiance (Klisch and Häder, 2002; Korbee et al., 

2005). The green alga Dasycladus increases UV-screening compounds in response to 

increased UV radiation, as does the seagrass Thalassia testudinum; though the 
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compounds in these two plants are different from MAA’s (Gómez et al., 1998; Detrés et 

al., 2001). Halophila johnsonii contains UV-absorbing accessory pigments that are 

thought to function as UV-protecting pigments (UVP’s) and may play a role in the ability 

of this species to colonize the upper edge of intertidal habitats (Durako et al., 2003; 

Kunzelman et al., 2005; Krzysiak, 2006).  The UVP’s in H. johnsonii are comprised of a 

suite of fifteen flavonoid compounds, seven of which are previously undescribed (Meng 

et al., In press). Flavonoid compounds are widely distributed in plants and are known to 

serve as UV-protecting pigments (UVP’s), 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 serve as UVP’s. 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; Chapter 3). However, it 

is unknown how the presence and variation in concentration of these compounds 

(UVP’s) affects photosynthetic responses of H. johnsonii in habitats of different light 

quality conditions.  

The purpose of this study was to examine photosynthetic responses to 

wavelength-specific irradiance in H. johnsonii from marine vs. riverine influenced 

populations.  I primarily wanted to determine whether plants from a high-CDOM 

environment (riverine-influenced) would have spectrally-distinct photosynthetic 

capacities when compared to plants from a low-CDOM (marine-influenced) habitat.  I 

hypothesized that decreased UV stress in plants from high CDOM environments may 
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allow for more efficient photosynthesis, particularly at shorter wavelengths, because of 

the reduced need for UVP’s in these plants. The concentrations of chlorophylls a and b 

and UVP levels were examined to determine the extent of photacclimatory responses of 

H. johnsonii from the two distinct optical environments.  
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2. Materials and Methods 
 

Halophila johnsonii plants were collected in July 2008 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. These two sites consistently exhibit optical conditions 

characteristic of riverine and marine influenced environments (Chapter 1). 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 post collection, the plants were placed in tanks of filtered seawater 

maintained at a salinity of 34 in a temperature-controlled greenhouse until used for 

photosynthetic measurements.  

Leaf pairs that were 2nd back from the rhizome apical were haphazardly chosen 

from separate plants and used as sample material. Two leaf pairs per site (4 blades) 

were used for each photosynthesis versus wavelength series and a total of six replicate 

series from each site was 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 salinity 34 at 

25°C. 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 4 s using the WINDAQ© program 

from DATAQ Instruments, Inc.  
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Photosynthetic responses to spectrally varying irradiance were measured at the 

following nine wavelengths: 340, 400, 450, 500, 550, 600, 650, 694 and 730 nm. 

Illumination was provided by a 1000W Hg(Xe) bulb (Newport, Oriel Instruments U.S.A.) 

with a broad spectral output (Fig. 1), 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 irradiance (60 μW cm-2 ) at each wavelength. The 

340 nm wavelength irradiance was achieved by setting the monochrometer to 340 nm 

(10 nm bandwidth) and adjusting the intensity with the neutral density filter. Irradiance 

levels for each treatment were measured prior to initiating oxygen measurements using 

a cosine collector on a 200 μm diameter fiber optic cable connected to an OceanOptics© 

USB 2000 spectrophotometer. The spectrometer was calibrated for absolute irradiance 

measurements using SpectraSuite and a calibrated halogen light source (LS-1CAL, 

OceanOptics©).  Irradiance levels were calculated 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.  
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Fig. 1. Spectral output of the Hg(Xe) bulb used for wavelength-specific photosynthetic 
measurements. 
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Preliminary experimental trials and 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). It was also determined 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 then measured for 5 min.  The leaves were then exposed for 

3 min to each of the nine light treatments. Regression analyses of the rate of change in 

oxygen over time were performed in SigmaPlot©10.0. For the light treatments, oxygen 

flux was measured during the last 2 min at treatment irradiance; 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 (μmolO2 hr-1). 

Following photosynthetic measurements, the leaf blades were ground in cold 

95% acetone using a mortar and pestle for pigment extraction. After 4 hours on ice in 

the dark, the supernatant was transferred to a 1 cm quartz cuvette and the absorbance 

of the extract from 300-800 nm was measured using an Ocean Optics© spectrometer 

and SpectraSuite software (Durako et al., 2003). The UVP absorbance was measured 

from 341-345 nm. The concentrations of chlorophyll a and b were calculated using the 

following dichromatic equations: 

  μg chl a= 11.93 (A664) – 1.93 (A647)   

  μg chl b= 20.36 (A647) – 5.50 (A664) 
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Gross photosynthesis was then normalized to the chlorophyll a concentration (μg) per 

leaf tissue in the oxygen chamber (4 blades) for each replicate. To compare quantum 

efficiencies of photosynthesis for each population among wavelengths, irradiance 

energy values (60μW cm-2) were converted to quantum fluxes (photons cm-2 s-1) at each 

wavelength using SpectraSuite.  

One-way ANOVA was used to examine variation in the photosynthetic responses 

within each site among wavelengths and between each site at each wavelength as well 

as to compare variation in chlorophyll concentrations and UVP absorbance between the 

two sites.  Where tests for normality or equal variance failed, a Kruskal-Wallis one way 

ANOVA on ranks was performed. Were significant differences found with a 95% 

confidence limit, Tukey tests for all pairwise multiple comparisons were applied. All 

statistical analyses were performed in SigmaStat© 3.5. 
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3. Results 

Average quantum efficiencies of gross photosynthesis in H. johnsonii plants from 

Oleta River were highest at the three shortest wavelengths (340, 400 and 450 nm) 

compared to the longest wavelengths (694, and 730 nm) with the intermediate 

wavelength treatments having intermediate quantum efficiencies (P= 0.05, Fig. 2a).  In 

contrast, quantum efficiencies of Haulover plants exhibited little among-wavelength 

variability between 400-730 nm (Fig. 2a). Despite the apparent peak at 340 nm, 

quantum efficiencies of Haulover plants did not exhibit significant among-wavelength 

variation (P=0.09).  

Comparing the wavelength-specific photosynthetic responses of the two 

populations under the constant radiant energy conditions used for the light treatments 

(60 μW cm-2), H. johnsonii from the Haulover site had significantly greater (P=0.04) 

gross photosynthesis at 694 nm than Oleta plants (Fig. 2b). 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. 2b), though the differences 

were not significant (P=0.31, 0.25 and 0.18, respectively). There was greater variation in 

photosynthetic responses at the shorter wavelengths (Fig. 2) and higher, but more 

variable, chlorophyll concentrations and UVP absorbance in the Oleta River plants 

compared to the Haulover Inlet replicates (Fig. 3).  

UVP absorbance values for H. johnsonii from Oleta River ranged almost three-

fold from 0.5-1.4, whereas UVP absorbance values from Haulover Inlet samples were 

relatively constant, ranging only from 0.5-0.7 (Fig. 3). Although average UVP 

absorbance was greater in the Oleta plants, the difference was not significant (P=0.06).  
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Fig. 2. Halophila johnsonii: Average (+sterr) photosynthetic response from the Haulover 
Inlet (grey) and Oleta River (black) populations at the nine wavelength treatments (a) 
quantum efficiency (photons cm-2 s-1) and (b) gross photosynthetic rate at an irradiance 
of 60μW cm-2. 
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Fig. 3. Halophila johnsonii: Average (+sterr) pigment concentrations or UVP absorbance 
per tissue used for each photosynthesis replicate (4 blades) for Haulover Inlet (grey) 
and Oleta River (black).  
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In contrast, chlorophyll a concentrations were significantly greater in the Oleta plants 

compared to the Haulover Inlet population (2.1± 0.26 and 1.3± 0.07 μg chl 4 blades-1, 

respectively, P=0.013); chlorophyll b concentrations were also greater for Oleta plants, 

though not significantly (0.80± 0.12 and 0.52± 0.05 μg chl 4 blades-1, for Oleta and 

Haulover, respectively, P=0.06). The ratios of chlorophyll a to b between the two 

populations were very similar (2.5± 0.1 and 2.6± 0.1, for Oleta and Haulover, 

respectively, Fig. 3). 
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4. Discussion 

Wavelength-specific photosynthetic responses differed between the riverine and 

inlet populations of Halophila 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, as well as differing 

chlorophyll concentrations and UVP absorbances are likely acclimatory responses of 

the two populations to the distinct optical environments in which they grow.  There was 

a consistent pattern of greater quantum efficiencies and gross photosynthesis at the 

three shortest wavelengths I examined in plants from the riverine-influenced Oleta River 

site compared to plants from the marine-influenced Haulover Inlet population. The 

wavelength-specific photosynthetic responses mirror the comparatively greater increase 

in spectral diffuse attenuation coefficients [Kd(λ)]  with decreasing wavelength at the 

riverine site (Fig. 4), reflecting higher CDOM levels at this site (Chapter 1).  The 

differences in wavelength-specific photosynthetic responses between habitat types 

indicate a spectral component to light acclimation in H. johnsonii.   The riverine plants 

are most photo-efficient (i.e., shade acclimated) at the least available wavelengths in 

their CDOM-rich environment and 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) compared sun- and shade-adapted responses of the 

red alga, Porphyra, and observed a significantly greater amount of UV-absorbing 

compounds in sun- vs. shade-adapted plants.  Increased photosynthesis of sun vs. 
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shade plants at high light has also been observed in terrestrial plants (Bukhov et al., 

1995).  The spectral attenuation coefficient (Kdλ) at 412 nm at the Oleta River site is 

about twice that of the Haulover Inlet site, at both high and low tides (Fig. 4).  This 

indicates that there is more short-wave radiation reaching H. johnsonii at the Haulover 

site. Previous studies of marine plants and algae have found that changes in light 

quality lead to changes in accessory pigment composition, with increased synthesis of 

accessory pigments or UV-absorbing compounds under blue wavelength light or 

increased UV radiation (Gómez et al., 1998; Detrés et al., 2001; Godínez-Ortega et al., 

2008).  This is somewhat contradictory to my results with H. johnsonii.  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 would suggest otherwise.  

Increased chlorophyll concentrations and greater leaf area are characteristics of 

shade adaptations (Andrews et al., 1984; Goldsborough and Kemp, 1988; Czerny and 

Dunton, 1995).  Recent seasonal studies of H. johnsonii reported both greater leaf area 

and higher chlorophyll concentrations in plants from the Oleta River compared to the 

Haulover Inlet site (Chapter 1 and 2). Riverine-influenced populations of H. johnsonii 

may be shade adapted (high chlorophyll concentrations, larger leaf area) in terms of 

their long-term light history.  However, they may also exhibit shorter-term acclimatory 

responses to daily extremes in the light environment that they encounter driven by 

changes in tidal depth and CDOM concentration. The high variability of chlorophyll and 

UVP levels in the riverine population may reflect the proportionally higher degrees of  
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Fig. 4. Annual average spectral diffuse attenuation coefficients  [Kd(λ)] (+sterr) from 
quarterly sampling at the Haulover Inlet (grey) and Oleta River (black) measured at (a) 
high tide and (b) low tide (from Chapter 1). 
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fluctuation in environmental characteristics, including the light field, found at the Oleta 

River site (Chapter 1). 

Although the study by Durako et al. (2004) 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. A mesocosm study (Chapter 3) also 

supports, that changes in UVP production in H. johnsonii may be more responsive to 

changes in the overall light field, rather than to levels of UV radiation, as no decrease in 

UVP was observed in treatments with increased CDOM. Gould et al. (1995) observed 

that flavonoids in understory plants respond to short-term exposure to high-intensity 

sunflecks rather than to the average light field. They further suggest 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 longer-term lower light levels that characterize 

riverine-influenced environments.  However, riverine plants may be exposed to high 

light (sunflecks) during low tides and periods of low river discharge (decreased CDOM, 

Chapter 1 and 2).  Thus the flavonoids in H. johnsonii may not function as UVP’s, but 

may be produced to protect shade-acclimated chloroplasts during the shorter-term 

exposures to intense irradiance (i.e., acclimation to the variance rather than to the 

mean).   
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Halophila johnsonii contains a large number (15) of carbon-rich flavonoid 

compounds, seven of which were previously unknown (Meng et al., in press). The high 

diversity of flavonoids in H. johnsonii may indicate that they do not function solely as 

UV-protective pigments. Flavonoids can function as anti-oxidants or growth regulators 

and may be produced as a response to stressful environmental changes (Yamasaki et 

al., 1997; Harborne and Williams, 2000; Rozema et al., 2002) such as excess light and 

drought (Tattini et al., 2004) or in response to excess light under temperature-stress 

conditions (Havaux and Kloppstech, 2001). The previous mesocosm experiments 

(Chapter 3) also suggest that salinity stress may increase the production of these 

compounds. Thus, the higher concentration of flavonoids in the Oleta River plants 

compared to the Haulover Inlet plants may be a response to the greater variability of the 

environmental factors such as light and salinity, which can undergo extreme changes on 

short temporal scales in the riverine-influenced tidal lagoon environment (Chapters 1 

and 2).  Further physiological investigations to detect presence or levels of oxidative 

stress in riverine versus marine populations would help to determine if there is a 

possible anti-oxidant role of the flavonoids in H. johnsonii.  Examining the allocation and 

localization of the flavonoid compounds within the plant tissues might also help to 

determine what functional role they play in this species (Tattini et al., 2004).  
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CHAPTER 5: DIURNAL TIDAL RESPONSES OF HALOPHILA JOHNSONII 
PHYSIOLOGY IN A RIVERINE VERSUS MARINE INFLUENCED HABITAT 

 



ABSTRACT: The threatened seagrass Halophila johnsonii grows intertidally to 3 

m depths in tidally-influenced marine and riverine habitats. To compare the extent of 

physiological plasticity and diurnal acclimation of populations from adjacent riverine and 

marine habitats, environmental parameters, including optical characteristics, and 

physiological responses of H. johnsonii were measured hourly under opposing tidal 

regimes (high at mid-day, low at mid day). The two populations exhibited habitat-

specific diurnal acclimatory responses that reflected long-term acclimatization to their 

different environments. During periods with similar bottom irradiance, effective quantum 

yields and chlorophyll concentrations were greater in the river population. UV pigment 

absorbance was also generally greater in the river plants and at times increased after a 

period of decreased salinity. As there is no significant genetic variation among 

populations, the habitat-specific diurnal acclimatory responses and broad habitat 

occurrence of this species are due to a highly phenoplastic physiology. 

 

Keywords: Halophila johnsonii, diurnal, tidal, photophysiology, seagrass 
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Introduction 

Organisms that inhabit estuarine environments are subject to wide fluctuations in 

water quality. Tidally-induced, diurnal variations in water depths and water influxes from 

marine and freshwater systems also change light availability to benthic organisms, in 

terms of both quality and quantity (Kenworthy and Haunert 1991; Gallegos and 

Kenworthy 1996). In order to successfully establish in such a habitat, submerged 

aquatic vegetation (SAV) must be able to acclimatize to short-term changes in a variety 

of environmental parameters. Halophila johnsonii Eiseman is a seagrass that occupies 

diverse habitats from the upper intertidal, where it can be exposed during low tides, to 3 

m deep in close proximity to both freshwater (riverine) and marine (inlet) inflows 

(Kenworthy 1992; Virnstein and Morris 2007). This seagrass is unique as it is endemic 

to only a ~200km range on the east coast of Florida and is the only marine plant listed 

as threatened under the Endangered Species Act (Kenworthy 1992; Federal Register 

1998). No sexual reproduction has been observed or described for this species (York et 

al. 2008), thus, H. johnsonii recruits and establishes new patches via fragmentation and 

clonal growth (Eiseman and McMillan 1980; Hall et al. 2006). In addition, there is no 

significant genetic variation along its latitudinal range, suggesting that geographically 

separated populations of H. johnsonii are not genetically distinct (Melton 2004).  

H. johnsonii commonly occurs intermixed with Halodule wrightii Aschers. and the 

con-generic Halophila decipiens Ostenfeld, although the latter does not occupy the 

upper intertidal reach. The ability of H. johnsonii to possibly out-compete H. decipiens in 

the exposed areas of the upper intertidal zone is apparently not due to desiccation 

tolerance (Chapter 6), but may be due to the presence of flavonoid compounds, which 
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are not found in H. decipiens (Durako et al. 2003). H. johnsonii contains 15 flavonoid 

compounds (7 not previously described, Meng et al. In press), potentially produced as 

UV-protective pigments, in response to high irradiance levels, or to a combination of 

light and salinity stress (Durako et al. 2003; Kunzelman et al. 2005; Chapter 3).  

H. johnsonii does not tolerate prolonged exposure to low salinity (Dawes et al. 

1989; Torquemada et al. 2005; Chapter 3). However, riverine-influenced populations 

can be exposed to fluctuations (short-term) in salinity down to below 10 (Chapter 1), 

especially at times of increased freshwater outflow. This freshwater flux also causes a 

change in optical properties of the water column; primarily from terrestrial derived water-

shed run-off, which contains high levels of chromophoric dissolved organic matter 

(CDOM) (Zanardi-Lamardo et al. 2004). Short wavelength (blue and UV) light is 

exponentially absorbed by CDOM producing a change in the light quality environment 

(Kirk 1994). H. johnsonii from near-marine inlets versus riverine populations exhibit 

differing photosynthetic responses to variations in spectral light quality, especially at 

shorter wavelengths (Chapter 4).  The spectrally distinct photosynthetic responses 

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 optical environments has probably occurred over relatively long time scales, on 

the order of weeks-to-months, as indicated by significant populational differences in 

other sun/shade parameters such as leaf size and chlorophyll concentration, both of 

which are greater in the riverine plants (Chapter 1, 2 and 4).  H. johnsonii also exhibits 

latitudinally-distinct, seasonal differences in physiological responses to environmental 

variations between marine- and riverine-influenced populations (Chapter 1 and 2). On a 
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shorter time scale, Durako et al. (2003) observed significant changes in photosynthetic 

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).  

 To understand the temporal limits of photophysiological plasticity of this species, 

I measured physiological responses of H. johnsonii at hourly intervals under two 

different (opposite) tidal regimes.  My goal was to determine whether this species 

exhibits diurnal acclimation that responds to tidal fluctuations. In addition, I compared 

the environmental parameters and the physiological responses between adjacent 

populations from a riverine- and marine-influenced habitat.  

 
 
 

 132



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 located in 

North Miami Beach, Florida. Previous seasonal sampling indicated that these two sites, 

despite being only 5.5 km apart, consistently exhibit distinctive water-quality 

characteristics (Chapter 1). The sampling was performed on October 16th and 24th, 

2006 and again on June 4th and 11th, 2007. In both months, the two sites were sampled 

on a day at which high tide occurred mid-day and again on a day where low tide 

occurred mid-day. The two tidal regime sampling periods occurred one week apart. 

Each station at the two sites was visited every hour over the course of eight hours, 

beginning between approximately 08:30-09:30 h in the morning with an approximate 30 

min offset between the inlet and river sample times. Due to a storm, the June low tide at 

mid-day sampling only extended for seven of the eight hours. 

 

 

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 PAR. Water depth was measured 

using a calibrated PVC pole and the light attenuation coefficient KoPAR (m-1) was 

calculated using the following equation: 
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    Ez/Eo=e-ko*z 

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

sample was also collected every hour at each station which was kept cold and in the 

dark until the end of the day at which time each sample was filtered through a 0.7μm 

then 0.2μm to obtain the CDOM fraction (filtrate).  The spectral absorbance of the filtrate 

was measured using an Ocean Optics© spectrometer with a 10 cm quartz cuvette to 

determine the inherent optical properties of the water samples. The spectrum of each 

sample was then used to calculate the absorption coefficients at each wavelength from 

the equation: 

    a(λ) = [2.3A(λ)]/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 pathlength in m.  The absorption coefficients 

were then used to calculate the spectral slope S (nm-1) for CDOM (from 300-500nm 

Kieber at al. 1990), applying an exponential decay function (Sigma Plot 9.0):  

   

aCDOM(λ) =aCDOM(λο)e-S(λο−λ) 

 

HALOPHILA JOHNSONII MEASUREMENTS 

A diving-PAM (pulse amplitude modulated) fluorometer (WALZ GmbH) was used to 

obtain in situ measurements of effective quantum yield: 

(Fm’-F)/ F’m =  ΔF/ F’m 

where F is the fluorescence measured under the experimental (ambient) irradiance and 

Fm’ is the maximum fluorescence measured after a 0.8 second pulse of light (Genty et 
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al. 1989). Hourly at each station, effective quantum yields were measured using leaf 

pairs, located 2 nodes back from the rhizome apical, on ten (n=10) haphazardly 

selected H. johnsonii plants. The leaves were then collected and placed in individually-

tagged bags in a dark cooler. 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 was 

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 overnight. The 

following day, the absorption spectra (300-800nm) of the supernatants were examined 

with an Ocean Optics© spectrometer using a 1 cm quartz cuvette, and corrected for 

a(750nm)  (Durako et al. 2003). The corrected absorption values were then used to 

calculate chlorophyll a and b concentrations in μg chl ml-1 using dichromatic equations 

(Jeffrey and Humphrey 1975). The absorbance values of the UV pigment (UVP) peak 

(340-345nm) were also determined. All pigment values were normalized to the 

measured leaf area of each replicate (mm2). 

 

STATISTICAL ANALYSES 

One-way ANOVA was used to determine the significance of hourly variation in 

measured physiological response variables for each of the sites. The October and June 

data were examined separately. If data were not normal or failed equal variance test, a 

one-way ANOVA on ranks was performed. Where significant differences found within a 

95% confidence limit, a Student-Newman-Keuls multi-comparison test was used. All 

calculations were performed in SAS© 9.1.  
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Multivariate analyses were used to examine relationships among the average 

environmental and physiological characteristics of the hourly samples individually for 

each of the two sampling events (October and June) using PRIMER 6© (Clark and 

Warwick 2006). Resemblance matrices were calculated using Euclidean distance 

measures and ranked variables to examine non-metric multi-dimensional scaling 

(MDS).  Minimum stress was set to 0.01. The factors were site (inlet vs. river) and tide 

(high vs. low tide mid-day). The physiological response variables were effective 

quantum yield, chlorophyll a and b and UVP.  

BEST (Bio-Env Stepwise) analysis was used to determine which environmental 

factors could best predict the physiological (photosynthetic and pigments) response 

variables. The environmental parameters used were: S, KoPAR, depth, and bottom 

values for salinity, temperature and PAR. This test seeks high rank correlation between 

environmental data and dependent (biological) variables.  BIOENV analyses were run 

with Spearman rank correlation test and 999 permutations with p=1%. BIOENV runs 

tests on all possible combinations of environmental variables to find the ‘best’ single or 

combination of factor(s) of correlation (Clarke and Gorley 2006).  
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Results 

OCTOBER 

Environmental and physiological variation 

HIGH TIDE AT MID-DAY 

Inlet: Water depth during sampling ranged from 1.0-1.8m (Table 1).  Although high tide 

was predicted to be during mid-day, I measured the greatest water depth at the inlet site 

during my first sampling. The highest PAR bottom was measured at 14:45 and lowest at 

08:45; PAR bottom was higher over the course of the sampling at the inlet than at the 

river, except for the first morning measurement around 09:00 (Fig. 1a). KoPAR did not 

correlate with depth, but it was lowest at the time of predicted high tide (Table 1).  The 

highest S was observed at the start of the incoming tide, from 08:45-10:50 (Table 1). 

Salinity remained near oceanic levels and was stable throughout the day (Fig. 2a). 

Average effective quantum yield (ΔF/F’m) at the inlet site was significantly greater at 

09:45 and 12:45 than 11:45 (F7,79=2.82, p=0.012), and quantum yields at 08:45 were 

similar to those at 14:45 and 15:45 (Fig. 1b). The lowest ΔF/F’m corresponded to a 

morning peak in PARbottom at 11:45, suggesting irradiance-induced downregulation of 

photosynthesis. However, ΔF/F’m did not decrease  at 14:45 when the highest PARbottom 

was measured. There were no significant diurnal variations in chlorophyll a or b 

concentrations, though the highest chlorophyll concentrations occurred at 10:45 and 

15:45 and the lowest concentrations were measured near mid-day (12:45 and 13:45, 

Fig. 3a). Though not significant, the highest values of UVP were measured in the 

morning (08:45-11:45) compared to the afternoon (12:45-15:45, Fig. 3b).  
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Table 1. Depth (m), bottom values for temperature (°C), light attenuation coefficient KoPAR (m-1) and spectral slope of a 
bottom water sample (S x10-2 nm-1) for each site for October and June at high and low tide mid-day. NA represents a 
sampling event that did not occur due to a storm. 
 

October        June       

Mid-day Site Time Depth TempBottom KoPAR S  Mid-day Site Time Depth TempBottom KoPAR S 

High Tide Inlet 08:45 1.8 27.4 0.513 2.07  High tide Inlet 08:30 2.0 26.5 0.237 1.77 
  09:45 1.6 27.3 0.284 1.87    09:30 2.3 26.6 0.239 1.85 
  10:45 1.5 27.2 0.315 1.99    10:30 2.6 26.6 0.257 1.78 
  11:45 1.5 27.4 0.245 1.54    11:30 2.6 26.7 0.190 1.52 
  12:45 1.4 27.3 0.473 1.84    12:30 2.7 27.0 0.187 1.67 
  13:45 1.4 27.5 0.356 1.71    13:30 2.5 26.9 0.228 1.55 
  14:45 1.2 27.6 0.304 1.53    14:30 2.4 27.0 0.224 2.12 
   15:45 1.0 27.7 0.339 1.75     15:30 2.2 27.1 0.249 1.54 
 River 09:15 1.0 27.7 0.726 1.66   River 09:00 0.8 26.7 0.899 1.68 
  10:15 1.2 27.8 0.498 1.49    10:00 0.9 26.8 0.809 1.63 
  11:15 1.3 28.1 0.461 1.4    11:00 1.0 26.9 0.550 1.78 
  12:15 1.5 27.4 0.714 1.54    12:00 1.2 26.8 0.459 1.72 
  13:15 1.2 27.4 0.590 1.56    13:00 1.3 27.7 0.529 1.75 
  14:15 1.1 27.3 0.562 1.61    14:00 1.0 27.8 0.575 1.76 
  15:15 0.9 27.3 0.756 1.64    15:00 0.9 28.2 0.715 1.76 

    16:15 0.8 27.2 1.226 1.66      16:00 0.8 28.5 1.040 1.74 

Low tide Inlet 09:15 1.8 26.9 0.715 1.86  Low tide Inlet 09:00 2.4 27.8 0.357 1.89 
  10:15 1.7 27.5 1.324 2.42    10:00 2.1 28.0 0.358 1.84 
  11:15 1.4 27.6 0.680 1.76    11:00 2.0 28.2 0.378 2.12 
  12:15 1.2 27.9 0.668 1.75    12:00 1.7 28.7 0.417 1.39 
  13:15 2.0 28.0 0.402 1.59    13:00 1.6 29.0 0.311 1.91 
  14:15 2.3 27.8 0.361 1.8    14:00 2.0 28.3 0.167 2.3 
  15:15 2.0 27.8 0.719 2.02    15:00 2.1 28.5 0.145 2.48 
   16:15 2.2 27.8 0.457 1.58     16:00 NA       
 River 09:45 1.0 27.2 1.028 1.72   River 09:30 1.1 28.2 0.850 1.63 
  10:45 0.9 27.3 1.308 1.68    10:30 0.7 28.5 1.303 1.72 
  11:45 0.8 27.2 0.745 1.72    11:30 0.6 28.8 1.243 1.72 
  12:45 0.8 28.3 0.893 1.74    12:30 0.4 29.1 1.674 1.72 
  13:45 0.8 27.9 1.175 1.74    13:30 0.3 29.6 1.477 1.75 
  14:45 1.0 28.1 1.105 1.92    14:30 0.6 28.8 0.908 1.83 
  15:45 1.1 28.2 0.584 1.82    15:30 0.9 28.8 0.638 1.75 
  16:45 1.2 28.0 0.481 1.9    16:30 NA    
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Fig. 1. October high tide mid-day (vertical dashed line indicates approximate high tide 
peak) a) PAR values sampled at surface (solid line) and bottom (dashed line) for the 
inlet (open squares) and river (circles) sites over the 8 hour experimental period and b) 
H. johnsonii average effective quantum yield (+s.e.) values for inlet (unhatched) and 
river (hatched) populations. 
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Fig. 2. October surface (solid line) and bottom (dashed line) salinity at the inlet 
(squares) and river (circles) at a) high (unfilled) and b) low tide (filled) mid-day. Vertical 
dashed line indicates approximate peak high/low tide. 
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Fig 3. H. johnsonii average concentrations per mm2 leaf area for the October high tide 
mid-day sampling of a) inlet plants’ chlorophyll a (unfilled) and b (light grey) and river 
plants’ chlorophyll a (unfilled hatched) and b (light grey hatched) and b) average UVP 
(+s.e.) (inlet unhatched, river hatched). 
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River: Depths ranged from 1.5-0.75 m and PARbottom levels were relatively low all day 

compared to the inlet site, with the highest value at 11:15 (Table 1, Fig. 1a). Salinities 

were also lower than at the inlet and decreased from 11:15-13:15 (Fig. 2a). The highest 

value of KoPAR occurred at 16:15 (outgoing tide) and values were relatively high all day 

compared to the other sampling events in this study, whereas S exhibited little change 

over the course of the day (Table 1).  

 Average effective yields were significantly greater from 09:15-11:15 and 16:15 than all 

other sampling times (F7,79=10.59, p<0.001); variation in ΔF/F’m  corresponded with 

changes in PARbottom over the course of the day (Fig. 1a,b). Chlorophyll a and b values 

were significantly lower at 10:15 than at 13:15, 14:15 and 16:15; the highest chlorophyll 

values occurred at 14:15 (F7,79=2.98, p=0.001 and F7,79=3.07, p=0.007respectively, Fig. 

3a). Highest UVP values were measured at 11:15 and 14:15, and they were significantly 

greater than the lowest values which occurred at 10:15 (F7,79=2.37, p=0.031) (Fig. 3b). 

 

LOW TIDE AT MID-DAY 

Inlet: The water depth ranged from 1.4-2.3 m, being lowest near mid day, and the 

highest PARbottom value was measured at 12:15 at which time the lowest KoPAR value 

occurred; the highest KoPAR occurred at 10:15, coincident with the lowest PAR (Table 1, 

Fig. 4a).  Salinity decreased around peak low tide, but bottom salinity never fell below 

30 during the day (Fig 2b). With the exception of 13:15 and 14:15, PARbottom was 

generally lower at the inlet than at the river, but similar values were measured during 

the first and last sample periods of the day (Fig. 4a). Effective quantum yields were 

highest at 10:15 and 13:15, significantly so compared to those measured at 16:50,  
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Fig. 4. October low tide mid-day (dashed line indicates approximate high tide peak) a) 
PAR values sampled at surface (solid line) and bottom (dashed line) for the inlet 
(squares) and river (circles) sites over the 8 hour experimental period and b) H. 
johnsonii average effective quantum yield (+s.e.) values for inlet (unhatched) and river 
(hatched) populations. 
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which were the lowest observed (F7,79=2.37, p=0.031) (Fig. 4b). At 12:15 (at the time of 

highest PARbottom) the second lowest effective yields for the day occurred, possibly 

indicating down-regulation. Chlorophyll and UVP levels did not significantly vary during 

the day; the highest values in chlorophyll were observed at 11:15 and 12:15.  The 

highest values for UVP were measured at 11:15, but the lowest at 12:15 (Fig. 5a,b). 

 

River: Depth ranged from 0.75–1.2 m, being lowest near mid day, and the highest PAR 

levels were at 11:45 and 12:45 (Table 1, Fig. 4a).The lowest values for  KoPAR occurred 

at 15:45 and 16:45, and the highest S was observed from 14:45-16:45, when the tide 

was incoming (Table 1). Salinities decreased to values below 20 at mid-day, but 

exhibited high variation with an increase to salinity above 30 with incoming tide (Fig 2b). 

Effective quantum yields were significantly lower at 15:45 than at any other hour and the 

highest values were measured in the first three hours of the morning sampling 

(F7,79=5.66, p<0.001). Diurnal variations in effective quantum yields corresponded with 

changes in PAR (Fig. 4 a, b). There were no significant diurnal variations in chlorophyll 

a or b concentrations, though the highest values were at 14:45 and 15:45 (Fig. 5a). 

There was significant diurnal variation in UVP, with the highest values at 13:45; which 

were significantly greater than the values at 09:45 (F7,79=3.89, p=0.001) (Fig. 5b).  

 

Non-parametric analyses 

Environmental MDS results (Fig. 6a) show a site based separation of data along 

the horizontal axis, with river data clustering to the left and inlet to the right, and a 

diurnal separation along the vertical axis, with morning and late afternoon data  
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Fig 5. H. johnsonii average concentrations per mm2 leaf area for the October low tide 
mid-day sampling of a) inlet population chlorophyll a (unfilled) and b (light grey) and 
river population chlorophyll a (unfilled hatched) and b (light grey hatched) and b) 
average UVP (+s.e.) (inlet unhatched, river hatched). 
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Fig. 6. October 2-dimensional MDS plots of average values for each hour (labeled) for 
inlet (squares) and river (circles) sites at high (unfilled) and low (filled) tide mid-day of a) 
environmental variables and b) H. johnsonii physiological variables measured. 
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clustering near the bottom and mid-day data occurring nearer to the top. With exception 

of the first morning sampling, the inlet high tide at mid-day environmental variables 

exhibit a distinct tightly-clustered grouping separate from the other sampling events.  

River high tide at mid-day environmental data exhibit relatively close similarities with 

inlet low tide at mid-day environmental data, especially during the mid day (from 10:15-

14:15 at the river and from 11:15-13:15 at the inlet). Inlet low tide at mid-day 

environmental data group out into two vertically-separated clusters: morning and late 

afternoon (09:15-10:15 and 15:15-16:15) versus mid-day hours (11:15-14:15). The 

environmental variable data in the river with low tide at mid-day are most dissimilar to 

the inlet high tide at mid- day environmental data.  

Results of the physiological MDS (Fig 6b) show the greatest differences were 

between inlet plants when high tide was mid-day (clustering on the upper left of the 

MDS plot) compared to river plants when low tide was at mid-day (clustering more to 

the lower mid-right).  Inlet high tide at mid–day physiological variables also cluster most 

tightly as a group. The physiological responses of inlet plants when low tide was mid-

day are highly scattered and most similar to river plant responses when low tide was at 

mid-day and both are separated  from the inlet high tide at mid-day (except 14:45) and 

river low tide at mid-day physiological response groupings. The physiological data show 

the highest diurnal variability in responses in the river high tide at mid-day compared to 

the other sampling events with little distinct clustering and these data are more similar to 

inlet low tide at mid-day than river low tide at mid-day responses. The physiological 

responses at the river with low tide at mid-day also exhibit two clusters: mid-day (11:45-
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15:45) which is separated from early morning and late afternoon (9:45, 10:45 and 16:45, 

Fig. 6b). 

Results from the BIOENV analyses are presented in Table 2. For high tide at 

mid-day sampling at the inlet, BIOENV indicated that PAR, temperature, salinity, and S 

had the greatest effects on physiological responses.  With the exception of KoPAR 

instead of S being a correlative factor, the same environmental factors were most 

correlated with physiological variation at the river with high tide at mid-day. Low tide at 

mid-day BIOENV results for the inlet indicated that depth, salinity, S, and KoPAR were 

most correleted with the physiological variation whereas at the river, S, temperature, 

and salinity had the most pronounced effects on physiological responses. 

 

JUNE 

Environmental and physiological variation 

HIGH TIDE AT MID-DAY 

Inlet:  Water depth ranged from 2.0 to 2.7 and was greatest during mid day (Table 1). 

The highest PARbottom values were measured at 12:30 and 13:30 and the first three hour 

measurements were lower than observed for the rest of the day (Fig. 7a). Lowest KoPAR 

values were observed mid-day during peak high tide (2.6-2.7m) and they increased 

before and after peak high tide (Table 1). Spectral slope decreased with approaching 

high tide; and along with KoPAR was also lowest at mid-day, indicating the presence of 

oceanic water at the site (Table 1). Highest salinities were observed during this 

sampling event compared to other sampling events in June, and they remained stable 

throughout the day (Fig. 8a). Effective quantum yield values were significantly lower at  
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Table 2. Halophila johnsonii. Results of the BIOENV analyses on physiological 
responses. The top three scenarios of correlation value(s) for environmental variable(s) 
for each sampling event. The Rho of each analysis is represented by the correlation 
value. The order in which the environmental variables appear within a scenario does not 
correlate to importance within that scenario. 
 
 
Month Mid-day 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, Ko 
     0.182 salinity, temperature, PAR, Ko 
 Low tide Inlet 0.187 depth, salinity 
   0.183 depth, salinity, S 
    0.181 depth, salinity, Ko 
  River 0.373 temperature, S 
   0.370 S 
      0.352 salinity, temperature, S 
June High tide Inlet 0.244 salinity 
   0.236 salinity, temperature, Ko 
    0.226 salinity, temperature 
  River 0.138 salinity, Ko 
   0.131 depth, salinity, Ko 
     0.129 depth, salinity 
 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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Fig. 7. June high tide mid-day (dashed line indicates approximate high tide peak) a) 
PAR values sampled at surface (solid line) and bottom (dashed line) for the inlet 
(squares) and river (circles) sites over the 8 hour experimental period and b) H. 
johnsonii average effective quantum yield (+ s.e.) values for inlet (unhatched) and river 
(hatched) populations. 
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Fig 8. June surface (solid line) and bottom (dashed line) salinity at the inlet (squares) 
and river (circles) at a) high (unfilled) and b) low tide (filled) mid-day. Dashed lien 
indicates approximate peak high/low tide. 
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14:30 and 15:30 (following the two highest hours of PARbottom, Fig. 7a) than any other 

time and yields at 08:30, 09:30 and 11:30 were significantly greater than at all other 

hours measured over the course of the day (F7,79=11.94, p<0.001, Fig. 7b). Chlorophyll 

a concentrations were the greatest at both 11:30 and 12:30, significantly so compared 

to 15:30 (F7,79=2.83, p=0.012, Fig. 9a). Although chlorophyll b concentrations were also 

greater at 11:30 and 12:30 than 9:30 and 15:30, the difference was not significant (Fig. 

9a). There were no significant differences observed in UVP, though the values were 

generally higher during the afternoon (Fig. 7b).  

 

River: Depth ranged from 0.75-1.3 m and the highest PARbottom occurred between 12:00 

and 14:00 (Table 1, Fig. 7a). Spectral slope changed little over the course of the day 

and KoPAR was lowest at 12:00 around peak high tide (1.2m depth, 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 decreased with outgoing tide going down 

to almost 20 by 16:00 (Fig. 8a). Highest effective quantum yields occurred at 09:00 and 

the lowest, significantly so compared to all other times, were measured at 12:00 

(F7,79=11.21, p<0.001, Fig. 7b). Similar to the inlet, the river plants had greatest 

concentrations of chlorophyll a around peak high tide and  leaf chlorophyll a levels were 

significantly different between 13:00 and 10:00 (F7,79=3.21, p=0.005, Fig. 9a). 

Chlorophyll b values were also greater at  12:00 and 13:00 than 10:00, but the 

difference was not significant (Fig. 9a) There were no significant diurnal variations in 

UVP values, although river values were greater than those for inlet plants from 9:00-

13:00 and 16:00 (Fig. 9b). 
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Fig 9.  H. johnsonii average concentrations per mm2 leaf area for the June high tide 
mid-day sampling of a) inlet population chlorophyll a (unfilled) and b (light grey) and 
river population chlorophyll a (unfilled hatched) and b (light grey hatched) and b) 
average UVP (+s.e.) (inlet unhatched, river hatched). 
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LOW TIDE AT MID-DAY 

Inlet: Water depth ranged from 1.6-2.4 m (Table 1). Highest PARbottom levels were 

measured at 14:00 and 15:00 (Fig. 10a), at which time S was also highest.  The highest 

KoPAR was observed at low tide and it decreased in the afternoon with the incoming tide 

(Table 1). This indicates there was little time lag in ocean water reaching the inlet site 

after the turn of the tide.  Bottom salinities continued to decrease for a short time past 

peak low tide (13:00), but then rapidly increased to near marine values by 14:00 (Fig. 

8b). Effective quantum yields were significantly lower at 14:00 and 15:00 (coincident 

with the highest PARbottom levels) than any other time and the highest values were 

observed during the lowest light levels in the morning, at 09:00 and 10:00 (F6,63=21.70, 

p<0.001, Fig. 10a, b). Chlorophyll a and b concentrations were significantly greater at 

14:00 than all other times and significantly lower at 09:00, 10:00 and 12:00 (F6,63=16.71, 

p<0.001 and F6,63=13.00, p<0.001 respectively, Fig. 11a). UVP levels were also 

significantly greatest at 14:00, but only so compared to 15:00, 12:00 and 09:00 

(F6,63=5.24, p<0.001, Fig. 11b).  

 

River: Depths ranged from 0.3-1.1m and highest PARbottom were measured from 12:30-

14:30 (Table 1, Fig. 10a). KoPAR peaked at 12:30, 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 12:30 and13:30 ( 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 15:30, with the approach of high tide (Fig. 8b). Effective  

quantum yields were significantly greater at 09:30, 10:30 and 15:30 than at 13:30 and  
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Fig. 10. June low tide mid-day (dashed line indicates approximate high tide peak) a) 
PAR values sampled at surface (solid line) and bottom (dashed line) for the inlet ( 
squares) and river (circles) sites over the 8 hour experimental period and b) H. johnsonii 
average effective quantum yield (+s.e.) values for inlet (unhatched) and river (hatched) 
populations. 
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Fig  11. H. johnsonii average concentrations per mm2 leaf area for the June low tide 
mid-day sampling of a) inlet population chlorophyll a (unfilled) and b (light grey) and 
river population chlorophyll a (unfilled hatched) and b (light grey hatched) and b) 
average UVP (+s.e.) (inlet unhatched, river hatched). 
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14:30 , at which times the highest PARbottom levels were measured (F6,63=7.41, p<0.001, 

Fig. 10a,b). There were no significant differences in chlorophyll a or b, though the 

highest values were observed at 14:30and the lowest at 10:30 with little variation 

occurring over the course of the day (Fig. 11a). UVP levels in the late afternoon (14:30 

and 15:30) were significantly greater than at 12:30 (F6,63=3.13, p=0.0095, Fig. 11b). The 

river values for UVP were greater than those measured in the inlet plants, despite 

PARbottom levels at the two sites being similar over the course of the day, with the 

exception of the last two hours sampled (Fig. 10a, 11b). 

 

Non-parametric analyses 

MDS analyses of environmental variation during June (Fig. 12a) again indicated a site 

based separation of data along the horizontal axis, with river data clustering to the left 

and inlet to the right.  During June there was diurnal separation along the vertical axis, 

but it was slightly different than the October data.  Morning data clustered near the top 

of the MDS ordination plot, but mid-day and late afternoon data were less vertically 

separated from each other. The inlet high-tide at mid-day sample data formed a unique 

grouping with little variation along the horizontal axis. The inlet low tide mid-day 

samples also show little variation along the horizontal axis, but were more highly 

scattered along the vertical axis, until 14:00 and 15:00, at which point they tended to be 

more similar to the inlet high tide samples. River high tide at mid-day environmental 

variables exhibit a high degree of variation along both axes with 10:00-14:00 data being 

similar to inlet low tide mid-day and 15:00-16:00 data being similar to river low tide mid-

day. The river low tide at mid-day environmental variables form a unique and separate 
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Fig 12. June 2-dimensional MDS plots of average values for each hour (labeled) for inlet 
(squares) and river (circles) sites at high (unfilled) and low (filled) tide mid-day of a) 
environmental variables and b) H. johnsonii physiological variables measured. 

 158



group with the greatest dissimilarity to the inlet high tide at mid-day environmental 

variation.  

The MDS plot of physiological variables (Fig. 12b) indicates less horizontal and 

vertical separation of sites and sample times compared to the environmental MDS, but it 

also shows the inlet high tide at mid-day data grouped separately except from 11:30-

12:30, which are more similar to river low tide 13:30-14:30. Inlet low tide at mid-day and 

river high tide at mid-day physiological responses were highly variable along both axes. 

Similar to the environmental clustering, river low tide at mid-day physiological data were 

most dissimilar to the inlet high tide at mid day diurnal responses except near mid-day 

(Fig. 12b). The river low tide at mid-day physiological data also formed morning and 

afternoon clusters.   

BIOENV results (Table 2) indicated that at the inlet when high tide was at mid-

day, salinity, temperature, and KoPAR were the most important variables driving 

physiological responses, whereas at the river site, KoPAR, salinity and depth were more 

important. When low tide was during mid-day, inlet responses were most influenced by 

S, PAR, salinity, and depth whereas the river responses were most correlated with 

PAR, temperature, and depth.   
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Discussion 
 

Halophila johnsonii exhibited distinct and significant diurnal variation in 

photophysiological responses in the inlet and riverine tidal habitats I studied.  The two 

habitats differed not only in average environmental conditions, but also in the degree of 

diurnal, tidally-induced fluctuation of the environmental parameters I measured on an 

hourly time scale.  The inlet habitat has relatively stable environmental conditions 

whereas the riverine habitat exhibits greater short-term and seasonal (Chapter 1) 

variation in environmental parameters, especially salinity and optical water quality.  H. 

johnsonii exhibited significant physiological plasticity in response to the wide range of 

conditions occurring over small temporal scales, often having habitat-specific 

physiological characteristics that were indicative of population-based acclimation. Based 

on the MDS data, there were time periods when the environmental conditions between 

the two habitats were similar, but plant physiological responses were not; and 

conversely, similar physiological responses were observed between the two habitat 

types at times when environmental conditions were very different.  These patterns 

indicated the possible presence of variable time lags between environmental conditions 

and physiological responses. 

Variation in acclimatory responses has been observed for several seagrass 

species growing in different light environments (Dennison and Alberte 1986; Campbell 

et al. 2003; Campbell et al. 2007; Tomasko 1992). Distinct light environments were 

likely having a great effect on the physiological responses I measured for the two 

populations of H. johnsonii in my study. In all but two cases, the BIOENV results show 

either an inherent or apparent optical property, or both, as a correlative environmental 
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factor to the physiological patterns, indicating that light plays a major role in shaping 

physiological responses. The two populations appear to have different short-term 

acclimatory responses to changes in light field, possibly due to population-based long-

term acclimation to different light environments. H. johnsonii at both sites generally 

responded predictably to variations in ambient PAR levels at the hourly time scale, 

reflecting their recent light history; effective quantum yields decreased following or at 

times of increased irradiance (Beer et al. 1998). During times of similar PARbottom levels, 

however, the two populations varied in effective quantum yields, possibly due to 

distinctions based on longer-term differences in light quantity or quality between the 

inlet and riverine habitats. In H. ovalis, increased UV irradiance induced a decrease in 

yield (Dawson and Dennison 1996). In my study, the Kd(λ) of short wavelength light at 

the river was often two times higher than that observed at the inlet, significantly 

decreasing the levels of UV irradiance at the river site (Chapter 1).  Wavelength-specific 

photosynthetic responses indicate that Oleta River plants may be blue-light shade 

acclimated (Chapter 4) and they exhibit more shade-adapted characteristics in 

morphology (longer-term response) and photophysiology relative to the inlet plants 

(Chapters 1 and 2). The shade-acclimated characteristics of river plants seem to be 

longer-term responses to light quality and quantity, in combination with other 

environmental factors (i.e., variable depth and salinity).  In my study, June chlorophyll 

levels at the inlet when low tide was at mid-day varied significantly over the course of 

the day (diurnal response) whereas pigment concentrations remained relatively high 

throughout the course of the day at the river regardless of diurnal variation in PAR. In 

Thalassia testudinum and Halodule wrightii, in situ light reductions (shading) induced 
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increases in blade chlorophyll concentrations over a period of months (Czerny and 

Dunton 1995). However, unshaded plants exhibited a more pronounced effect over the 

seasons suggesting that long-term light field trends and other factors such as 

temperature are most important (Czerny and Dunton 1995). Differences in chlorophyll 

concentrations between the two populations of H. johnsonii at similar PARbottom levels 

may reflect differing longer-term responses to their distinct optical environments; the 

riverine habitat has chronic reductions in short wavelength irradiance due to the 

temporally-greater presence of CDOM (Kirk 1994; Chapter 1).  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 

minute increases in UV-blocking pigment (Dawson and Dennison 1996). My study 

suggests that H. johnsonii acclimatory responses (such as chlorophyll and UVP) are 

being affected by differences in short wavelength (e.g., UV) irradiance and PAR 

between the two habitat types. 

Although the riverine-influenced plants appear to be acclimated 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. Relatively high flavonoid production 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; Gould et al. 2000). In my study, hourly changes in PAR (measurements that 

would not capture short-term bursts of light) were not coupled with changes in UVP. 
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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 

incident PAR.  When low tide was at mid-day, the inlet plants in my study exhibited 

increased levels of UVP from October to June, and the riverine population had more 

than doubled UVP absorbance values. This is consistent with the observed response 

trend of decreasing in UVP in H. johnsonii populations from summer to autumn in the 

Chapter 2 seasonal study. The increased day-length and incident irradiance in the 

summer increases the possibility of these short-term intense sunflecks and might 

explain the high summer values.  Due to the seasonal variations in diurnal tidal cycles, 

habitats are exposed to shallow depths at low tide during times of highest irradiance 

(around mid-day in summer) for about a week. When high tide occurs during hours 

around mid-day (peak irradiance), the increased depth likely dampens the effect of 

increased irradiance (PAR and UV) on UVP production as observed in my high tide mid-

day UVP values when comparing October to June. Increased UVP production in H. 

johnsonii on a long-term basis might be due to increased overall PAR levels (Durako et 

al. 2003; Kunzelman et al. 2005; Chapter 3) or as short-term protection from increased 

irradiance and/or UV (Gould et al. 2000; Durako et al. 2003). As increased flavonoid 

production has also been associated with overall increases in stress in other plants 

(Yamasaki et al. 1997; Harborne and Wiliams 2000; Tattini et al. 2004), increased levels 

and fluctuations in the Oleta population might also be linked to stress related to the high 

salinity variability at this site (Chapter 3). In my study, an increase in UVP absorbance 

was sometimes observed at the river hours after salinity decreased, suggesting a lag in 

stress response and UVP production.  
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Salinity stress also appeared to have an effect on physiological responses 

between the riverine- and marine-influenced H. johnsonii in my study (see BIOENV). 

Salinity studies have shown that H. johnsonii has a low tolerance for longer-term 

exposure (3 to 10 days, salinity 5-10) to extreme hyposaline conditions (Dawes et al. 

1989; Torquemada et al. 2005; Chapter 3). Although salinities at the riverine habitat 

reach below these threshold levels periodically, these conditions are generally only 

present for short periods of time (hours) due to tides and the close proximity of this sites 

to the inlet. In comparing Halophila ovalis from these two habitat types, 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 estuarine plants.  As with H. johnsonii (Chapter 1), the estuarine and marine 

populations of H. ovalis also exhibited differences in leaf morphology (Benjamin et al. 

1999).  When considering among-population differences in H. johnsonii, it is important 

to note that this species is unique from other seagrasses, including other species within 

Halophila, in its apparent lack of sexual reproduction (York et al. 2008) and resulting 

lack of significant genetic variability, regardless of habitat type across its geographical 

range (Melton 2004). This suggests that the habitat-specific acclimatory responses and 

broad habitat occurrence of this species are due to a highly phenoplastic physiology 

that tolerates wide variability in environmental parameters from tidal riverine, estuarine 

to near-marine inlets. The distinctive habitat-specific diurnal responses of H. johnsonii 

observed in this study, especially at low tide riverine and high tide marine, further 

support that when investigating seagrass species that inhabit different environments it is 

important to examine responses over a range of conditions in each habitat to fully 
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understand the extent of physiological plasticity of the organism. It is also important that 

when describing tidal influence on habitats that both tidal and diurnal effects are 

considered.  
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CHAPTER 6: PHOTOSYNTHETIC TOLERANCES TO DESICCATION OF THE        
CO-OCCURRING SEAGRASSES HALOPHILA JOHNSONII AND                   

HALOPHILA DECIPIENS 



Abstract 

Along the coastal lagoons of southeast Florida, Halophila johnsonii and Halophila 

decipiens co-occur subtidally, but only H. johnsonii occurs intertidally.  Photosynthetic 

tolerances to desiccation in light and dark conditions were compared between H. 

johnsonii and H. decipiens using pulse amplitude modulated (PAM) fluorescence 

measurements. Under light conditions (250μmol photons m-2 s-1PAR), both species 

exhibited near-linear decreases in effective quantum yields (ΔF/F’m) with increasing 

desiccation. The most rapid decline in ΔF/F’m was observed in H. johnsonii.  Under dark 

conditions, both seagrasses exhibited small decreases in maximum quantum yields 

(Fv/Fm) during desiccation until reaching a critical threshold of relative water content 

(RWCcritical). RWCcritical was significantly lower for H. johnsonii (0.21±0.086) compared to 

H. decipiens (0.37±0.15). However, the rate of decline in Fv/Fm below RWCcritical was 

greater in H. johnsonii than H. decipiens. Water loss rates, however, were not 

significantly different between these two species in either light or dark conditions 

(0.18±0.047 g min-1 light, 0.12±0.045 g min-1 dark versus 0.16±0.047g min-1 light, 

0.099±0.044g min-1 dark for H. johnsonii and H. decipiens, respectively). Results from 

this study suggest that lower desiccation tolerance, at the leaf level, is not the primary 

factor precluding intertidal distribution of H. decipiens. 

Keywords: Seagrasses; Halophila spp.; desiccation; photosynthesis 
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1. Introduction 

 The seagrass Halophila johnsonii is an endemic species with a restricted 

distribution range, occurring within a 200km segment of the coastal lagoons and bays 

on the east coast of Florida, between Sebastian Inlet and Biscayne Bay (Kenworthy, 

1992). It is a shallow-growing seagrass, found intertidally to 3m deep (Virnstein and 

Morris, 2007). Within its habitat range, H. johnsonii often grows intermixed subtidally 

with its con-generic, Halophila decipiens. However, H. decipiens has a global 

distribution and a wide depth range (0 to 85 m) but is generally not found intertidally 

(den Hartog, 1970).  

Halophila johnsonii has a greater tolerance to high light than H. decipiens, 

exhibiting less photoinhibition or downregulation at high light intensities (Dawes et al., 

1989; Durako et al., 2003). H. johnsonii also possesses UV-absorbing flavonoid 

pigments (UVP) that are not present in H. decipiens (Durako et al., 2003, Krzysiak, 

2006).  It has been suggested that these UVP’s may perform a ‘sun-screen’ function in 

H. johnsonii, increasing its tolerance to high light and UV levels (Durako et al., 2003; 

Kunzelman et al., 2005). However, the possible role that desiccation tolerance may play 

in the vertical distribution of these two con-specifics has not been examined. 

Several studies have examined physiological and morphological mechanisms for 

desiccation tolerance in determining the vertical distribution of con-specific and co-

occurring intertidal seagrasses. Ramírez-García et al. (1998) found that the depth 

distribution of Phyllospadix torreyi and P. scouleri in Baja California, Mexico, correlated 

with the desiccation tolerance of the two species. This was also the case for Halodule 

uninervis and Thalassia hemprichii distribution in Taiwan (Lan et al., 2005). Although 
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both Zostera marina and Z. noltii grow intertidally, Z. marina has a lower tolerance to 

desiccation than Z. noltii due to a reduction in photosynthesis upon exposure 

(Leuschner et al., 1998); indicating that although one species is less tolerant, 

desiccation may not be the determinant factor in depth distribution. Desiccation 

response differences between Z. japonica and Z. marina also could not solely account 

for the distribution of these two seagrasses in intertidal habitats (Shafer et al., 2007). 

This is in concordance with other studies that have found that variation in tolerance to 

desiccation among seagrasses may not correlate directly with their distribution and 

depth limits (Björk et al., 1999; Tanaka and Nakaoka, 2004).   

The objective of this study was to determine whether differences in desiccation 

tolerance play a role in the observed upper- depth distribution limits of H. johnsonii and 

H. decipiens. In contrast to previous studies, desiccation was examined under both dark 

and light conditions to determine whether there were diel differences in species 

sensitivity to desiccation and air exposure.  
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2. Materials and methods 

2.1. Material collection 

Cores (9 cm x 9 cm) of Halophila johnsonii and Halophila decipiens were 

collected at a 1m deep site near Taylor Creek, FL (27°.28.123’ N, 80°.19.563’ W) in 

August 2007. Core samples were inserted into 9 cm2 peat pots with ambient sediments 

and transported in coolers to the Center for Marine Science in Wilmington, NC and 

maintained in filtered seawater (salinity of 36 ± 2) in a temperature-controlled 

greenhouse under augmented light conditions (500 watt mercury halide lamps) on a 

12:12 light:dark cycle. Experiments were performed in October 2007. Two blades from 

the 3rd leaf pair back from a rhizome apical were selected from plants within randomly-

selected peat pots for each replicate of the experiments.  

 

2.2. Experimental set-up  

The fiber optic cable of a pulse amplitude modulated (PAM) fluorometer (mini-

PAM  WALZ GmbH) was positioned 5mm above and at an angle of 90o relative to the 

weigh-pan of an electronic balance. For each desiccation run, leaf blades were gently 

blotted on a paper towel to remove excess water. The leaves were then placed adaxial 

side up side-by-side on the balance weigh pan, centered under the PAM fiber optic.  An 

initial fully-hydrated (wet) weight was then measured (Ww). Simultaneous quantum yield 

and plant weight (Wt) measurements were obtained every minute over the duration of 

the experiment. Ten replicates were run for each experiment (light and dark) and PAM 

fluorometer settings remained constant for all experimental runs. At the end of each 

experimental run, leaf blades were placed in a drying oven at 60 °C for 24 h, after which 
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time the dry weight (Wd) was measured.  Relative water content (RWC) for each 

replicate was calculated as the following (Björk et al., 1999): 

RWC= (Wt-Wd)/(Ww-Wd) 

 

2.3. Photosynthetic responses to desiccation under light conditions 

This experimental series was conducted with leaves exposed to 250 μmol 

photons m-2 s-1 irradiance. This irradiance was determined to be just below saturation 

irradiance for these two species by preliminary rapid light curve measurements (data 

not shown). The tip of the optical fiber of a microscope illuminator was positioned at a 

distance of 10 cm and an angle of 60o above the weigh-pan of the balance so that the 

blades were fully irradiated (i.e. not shaded by the PAM optical fiber). In this 

experimental series, leaves were not dark-adapted, thus, effective quantum yield was 

calculated: 

(Fm’-F)/ F’m =  ΔF/ F’m 

where F’m is the maximum fluorescence measured after a 0.8 s pulse of light and F is 

the fluorescence measured under the experimental irradiance (Genty et al., 1989). 

Simultaneous quantum yield and plant weight (Wt) measurements were obtained every 

minute until ΔF/ F’m reached zero. Light desiccation data were fitted to a linear 

regression model (Sigmaplot v9.0, SPSS Inc.).  Analysis of covariance (ANCOVA) was 

used to determine if significant (p<0.05) differences existed between the regression 

slopes or intercepts for the two species (SAS). 
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2.4. Photosynthetic responses to desiccation in the dark 

For the dark experiments, leaf blades were removed from the plant and 

maintained submerged in the dark for 10 min prior to commencing the experimental 

trials. The balance with the PAM fiber optic cable was enclosed in black plastic sheeting 

so that the leaves received no external illumination during the experimental period. 

Experiments were run until there was a consistent decline in quantum yield but no 

change in weight for a minimum period of five min.  

Maximum quantum yield was calculated for the dark experimental runs:  

(Fm- Fo)/Fm= Fv/Fm 

where Fo is the dark-adapted fluorescence minimum and Fm is maximal fluorescence 

after a 0.8 s saturating light pulse (Beer and Björk, 2000). Dark desiccation data were 

fitted to a hyperbolic tangent model:  

Fv/Fm =A*tanh*(B*RWC/A) 

using a Marquardt-Levenberg non-linear regression algorithm (Sigmaplot v9.0, SPSS 

Inc.).  Using this model, the initial rate of change in Fv/Fm (A), the critical RWC threshold 

(A/B, hereafter referred to as RWCcritical), and the rate of change in Fv/Fm (B) below 

RWCcritical were calculated. One-way ANOVAs were used to determine if these 

parameter estimates were significantly (P<0.05) different between the two species 

(Sigmastat v3.5, SPSS Inc.).   

 

2.5. Desiccation rate  

Desiccation coefficients were calculated by fitting the change in RWC over time 

data to an exponential decay function (Sigmaplot v9.0, SPSS Inc.): 
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RWCt= RWCoe-kt 

where k is the desiccation coefficient and RWCo and RWCt are the relative water 

contents at time 0 and time t respectively (Tanaka and Nakaoka, 2004). Calculated 

desiccation coefficients were then compared between the two species using a one-way 

ANOVA (Sigmastat v3.5, SPSS Inc.). 
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3. Results 

Several regression models were initially tested for fitting the light desiccation 

data, such as sigmoidal (Shafer et al., 2007) and exponential-decline (Björk et al., 1999) 

models, but the best fit (highest r2 values) for  data from this study was provided by a 

linear model (Ramírez-García et al., 1998). Both species exhibited a linear trend of 

decrease in ΔF/ F’m with decreasing RWC (Fig. 1 a and b).  ANCOVA indicated that 

both the slopes (P<0.001) and intercepts (P<0.001) were significantly different between 

the two species. H. johnsonii exhibited a greater slope and had a lower intercept (Table 

1a). The average time it took for ΔF/ F’m to reach zero was 12.1±2 min for H. johnsonii 

and 15.1±2 min for H. decipiens. 

There were no significant differences observed in the desiccation coefficients 

between the two species (P= 0.348) in the light experiment .There were also no 

significant differences between the desiccation coefficients in the dark experiments 

(P=0.324). However, upon comparing within each species between experiments, 

desiccation coefficients were significantly higher in the light than in the dark desiccation 

experiments for both H. johnsonii (P=0.024) and H. decipiens (P=0.008) (Table 1 a and 

b). 

A hyperbolic tangent model provided a good data fit (r2 from 0.99-0.92 and 0.99-

0.90 for H. decipiens and H. johnsonii, respectively) for the two-phase change in 

photosynthetic responses to desiccation in the dark.  For both species, photosynthetic 

responses (Fv/Fm) during desiccation in the dark exhibited an initial slow rate of 

decrease followed by a relatively rapid decline below RWCcritical (Fig. 1 c and d). 

RWCcritical was more variable for H. decipiens compared to H. johnsonii.  The rate of  
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Fig. 1. Effective (ΔF/F’m, open symbols) and maximum (Fv/Fm, closed symbols) quantum 
yields for Halophila johnsonii (a and c, squares) and Halophila decipiens (b and d, 
circles) during desiccation. 

 178



Table 1. (a) Mean values ± stdev for calculated photosynthetic- and desiccation-rate 
parameters for H. johnsonii and H. decipiens in the light experiment: slope (rate 
of   change in ΔF/ F’m*min-1), intercept (ΔF/ F’m), and k (desiccation coefficient 
g*min-1). (b) Mean values ± stdev for calculated photosynthetic- and desiccation-
rate parameters for H. johnsonii and H. decipiens in the dark experiment: A 
(initial rate of change of Fv/Fm*min-1), B (rate of change of Fv/Fm *min-1after 
RWCcritical), RWCcritical (A/B), k (desiccation coefficient g*min-1). 
 

 (a) 
LIGHT    
 slope intercept k 

H. johnsonii 0.741±0.029 0.21±0.086 
 

0.18±0.047 

H. decipiens 0.728±0.054 0.37±0.145 
 

0.16±0.047 
    

 

(b) 
DARK     
 A B RWCcritical k 

H. johnsonii 0.741±0.029 4.46±2.82 0.21±0.086 
 

0.12±0.045 

H. decipiens 0.728±0.054 2.26±0.81 0.37±0.15 
 

0.099±0.044 
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change in Fv/Fm (A) above RWCcritical was not significantly different between the two 

species (P= 0.56). However, RWCcritical was significantly lower (P=0. 012) for H. 

johnsonii compared to H. decipiens. Below RWCcritical, the rate of decline in maximum 

quantum yield was significantly greater and more variable in H. johnsonii than H. 

decipiens (P=0.03) (Table 1b). The average length of time each replicate was run was 

23.2 ±4.4 min and 23.7±4.2 min for H. johnsonii and H. decipiens, respectively. This 

was markedly longer than the light experiments. To examine the possible reason for the 

hyperbolic tangent response in the dark experimental runs versus linear response in the 

light experiments, the time at which RWCcritical was reached for each replicate was 

noted. For H. johnsonii the average time was 15.8 min and 15.2 min for H. decipiens.  
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4. Discussion 

My results suggest that neither differences in desiccation tolerance nor rates of 

desiccation in the light, at the level of individual leaves, explain the intertidal-to-subtidal 

zonation of Halophila johnsonii versus the strictly subtidal zonation of H. decipiens.  This 

agrees with previous studies examining photosynthetic tolerances to desiccation among 

other seagrass species in relation to depth distribution (Björk et al., 1999; Shafer et al., 

2007). The lower rate of decline in ΔF/ F’m with decreasing RWC in my light 

experiments, suggests that photosynthetically, the subtidal H. decipiens is actually more 

tolerant to desiccation than H. johnsonii.  However, some studies have shown that in 

other seagrasses, species growing in more elevated sites exhibit slower desiccation 

rates, maintaining higher photosynthetic rates at lower RWC than species in lower 

elevations (Leuschner et al., 1998; Ramírez-García et al., 1998).  

During desiccation in the dark, the RWCcritical for maintaining photosynthetic 

activity was significantly lower for H. johnsonii than H. decipiens, indicating that H. 

johnsonii may retain a slightly higher photosynthetic capacity than H. decipiens over a 

narrow RWC range (21-37%); similar to that reported for Z. japonica versus Z. marina in 

the light (Leuschner et al., 1998). Also, the rate of decline in Fv/Fm in H. johnsonii below 

RWCcritical was greater than that of H. decipiens and the declines in Fv/Fm above 

RWCcritical were not different between the two species, which indicates that in the dark 

(or at night) H. decipiens may be equally tolerant to desiccation as H. johnsonii upon 

initial exposure to air. Ulva lactuca exhibits different responses in net photosynthetic 

rates when emersed in the early morning or evening (low light) versus mid-day (high 

light, Zou et al., 2007).  In my study, the differences in the photosynthetic response 
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curves between the dark and light treatments (hyperbolic tangent versus linear) is likely 

an artifact of differing experimental times and light pressures. The RWCcritical in my dark 

experiments was reached at an average time comparable to the average end-time (ΔF/ 

F’m=0) in the light experiments. Were ΔF/ F’m values not to decrease so rapidly in the 

light, it is possible that a hyperbolic tangent response with a RWCcritical could have been 

observed. Cells may reach a critical point of dehydration, whereby the increase in 

electrolyte concentrations may strongly inhibit Fv/Fm (Seddon and Cheshire, 2001), as 

suggested by the sharp decline at a critical point in this study. 

It has been suggested that morphological, growth or life-history adaptations that 

minimize water loss, rather than physiological tolerance, is the main mechanisms for 

desiccation tolerance in seagrasses (Björk et al., 1999; Seddon and Cheshire, 2001; 

Tanaka and Nakaoka, 2004; Shafer et al., 2007).  The similarity between the two 

species’ rates of water loss, especially under dark conditions, suggests that H. 

Johnsonii has no anatomical or morphological adaptations to prevent water loss upon 

emersion that are superior to those of H. decipiens. In other seagrasses, morphological 

and growth adaptations to desiccation are decreased leaf size (Tanaka and Nakaoka, 

2004) and rapid rates of leaf abscission or turn-over (Shafer et al., 2007). However, 

these two species of Halophila have similar-sized blades, although H. johnsonii leaves 

generally have a higher length:width ratio than H. decipiens (Virnstein and Morris, 

2007),  Thus, it is unlikely that H. johnsonii has more advantage over H. decipiens in 

these characteristics. 

Additional environmental factors, including light, salinity, temperature and 

nutrients (Björk et al.,1999; Seddon and Cheshire, 2001), could contribute to the 
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differing vertical distribution patterns of H. johnsonii and H. decipiens.  Björk et al. 

(1999) hypothesized that the ability to tolerate high irradiances allows some seagrasses 

to occupy the uppermost intertidal zone. In addition, Lan et al. (2005) suggested that a 

difference in sensitivity to high UV not necessarily high irradiance alone may be a 

controlling factor. In this regard, Dawes et al. (1989) and Durako et al. (2003) both 

reported higher light tolerances for H. johnsonii compared to H. decipiens.  The latter 

authors suggested that the presence of UV-absorbing compounds in H. johnsonii may 

be an additional factor allowing this species to exploit the shallowest waters without 

competition from the UVP-lacking H. decipiens.  Although further studies are needed to 

examine the functional significance of these flavonoid compounds in H. johnsonii (Meng 

et al., in press), the ability of this species to tolerate high UV and PAR (Durako et al., 

2003; Kunzelman et al.,2005), rather than tolerance to desiccation, may largely explain 

its occurrence in intertidal areas.   

 183



References 

Beer, S., Björk, M. 2000., Measuring rates of photosynthesis of two tropical seagrasses 
by pulse amplitude modulated (PAM) fluorometry. Aquat. Bot. 66, 96-76. 

 
Björk, M., Uku, J.W., Weil, A., Beer, S. 1999., Photosynthetic tolerances to desiccation 

of tropical intertidal seagrasses. Mar. Ecol. Prog. Ser. 191, 121-126. 
 
Dawes, C.J., 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. 

 
den Hartog, C. 1970., The sea-grasses of the world. North-Holland Publishing 

Company, Amsterdam. 
 
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 Halophila decipiens. Mar. Bio. 142, 1219-1228. 

 
Genty, B., Briantais, J-M., Baker, N.R., 1989. The relationship between the quantum 

yield of photosynthetic electron transport and quenching chlorophyll 
fluorescence. Biochem. Biophys. Acta 990, 87-92. 

 
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. 80pp. 

 
Krzysiak, A.J. 2006., The isolation and characterization of natural products from marine 

plants and microorganisms. A Thesis for University of North Carolina Wilmington. 
 
Kunzelman, J.I., Durako, M.J., Kenworthy, W.J., Stapleton, A., Wright, J.L.C., 2005. 

Irradiance-induced changes in the photobiology of Halophila johnsonii. Mar. Bio. 
148, 241-250. 

 
Lan, C.Y., Kao, W.Y., Lin, H.J., Shao, K.T., 2005. Measurement of chlorophyll 

fluorescence reveals mechanisms of habitat niche separation of the intertidal 
seagrasses Thalassia hemprichii and Halodule uninervis. Mar. Bio. 148, 25-34. 

 
Leuschner, C., Landwehr, S., Mehlig, U., 1998. Limitation of carbon assimilation of 

intertidal Zostera noltii and Zostera marina by desiccation at low tide. Aquat. Bot. 
62, 171-176. 

 
Meng, Y.,  Krzysiak, A. J., Durako, M. J., Kunzelman, J. I., and Jeffrey L. C. Wright, J. L. 

C. In press  Flavones and flavone glycosides from sea grass Halophila johnsonii. 
Phytochemistry 

 

 184



Ramírez-García P., Lot, A., Duarte, C.M., Terrados, J., Agawin, N.S.R., 1998. 
Bathymetric distribution, biomass and growth dynamics of intertidal Phyllospadix 
scouleri and Phyllospadix torreyi in Baja California (Mexico). Mar. Ecol. Prog. 
Ser. 173, 13-23.  

 
Seddon, S., Cheshire, A.C., 2001. Photosynthetic responses of Amphibolis antarctica 

and Posidonia australis to temperature and desiccation using chlorophyll 
fluorescence. Mar. Ecol. Prog. Ser. 220, 119-130. 

 
Shafer, D.J., Sherman, T.D., Wyllie-Echeverria, S., 2007. Do desiccation tolerances 

control the vertical distribution of intertidal seagrasses? Aquat. Bot. 87, 161-166. 
 
Tanaka, Y., Nakaoka, M., 2004. Emergence stress and morphological constraints affect 

the species distribution and growth of subtropical intertidal seagrasses. Mar. 
Ecol. Prog. Ser. 284,117-131. 

 
Virnstein, R.W., Morris, L.J., 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. 16pp. 

 
Zou, D., Gao, K., Ruan, Z., 2007. Daily timing of emersion and elevated atmospheric 

CO2 concentration affect photosynthetic performance of the intertidal macroalga 
Ulva lactuca (Chlorophyta) in sunlight. Bot. Mar. 50, 275-279.  

 185



SUMMARY & CONCLUSIONS 
 
It is well known that seagrass distribution, growth and physiology are influenced 

by salinity (reviewed by Touchette 2007). Their responses to, and successful 

establishment in, saline environments are based on their ability to osmoregulate, both to 

the median salinity environment and for estuarine species, to respond to short-term 

fluctuations in salinity. As seagrasses are photosynthetic organisms, the light 

environment also has a direct effect on their distribution, growth and physiology. 

Photosynthesis of these benthic organisms is reduced under conditions of increased 

light attenuation in the water column (Ralph et al. 2007), which decreases light quantity. 

The effect on photosynthesis in seagrasses from the presence of CDOM is largely 

unknown, although there have been studies on the effects of variations in PAR and UV 

on several seagrasses (Abal et al. 1994; Dawson and Dennison 1996; Detrés et al. 

2001; Figueroa et al. 2002), including H. johnsonii (Durako et al. 2003, Kunzelman et al. 

2005). 

This dissertation initially examined wild populations of H. johnsonii in habitats that 

represented: 1) environmental endpoints, across the range of salinity and CDOM 

environments (i.e., riverine vs. marine influenced inlet habitats), and 2) geographic 

endpoints, spanning the north to south latitudinal range of this species. These in situ 

studies determined the effect of differing scales of spatial (latitudinal and habitat type) 

and temporal (seasonal and tidal) variation in the environment on H. johnsonii structural 

and photophysiological characteristics. An inlet and a riverine population were 

examined at paired sites in close proximity to each other in three latitudinal locations 

across the distribution range of H. johnsonii:  northern (Ft. Pierce Inlet and Taylor 
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Creek), central (Jupiter Inlet and Loxahatchee River) and southern (Haulover Inlet and 

Oleta River). Environmental conditions varied seasonally and spatially at all locations, 

being distinct between habitat types. There was greatest within-habitat type separation 

in spatial and temporal variation at the northern and southern sites, with the central site 

exhibiting variation patterns intermediate between the northern and southern sites. 

Structural characteristics and photophysiology at the southern site exhibited the 

greatest variability between habitat types and among seasons. The southern site 

population was also distinct from the northern population in both biomass and 

physiological performance. The results suggested an environmental threshold exists for 

growth of H. johnsonii at this southern region. Multivariate analyses of all environmental, 

morphometric and photophysiology data collected during this study revealed that water 

depth, salinity and CDOM-related optical parameters (spectral slope and Ko412) were 

correlated with variation in H. johnsonii physiological responses. The analyses indicated 

that prolonged post-storm hyposaline and increased CDOM conditions would negatively 

impact established populations.  

A mesocosm experiment was then designed to investigate the independent and 

combined effects of increased hyposaline and hyper-CDOM on H. johnsonii under 

controlled conditions. Plants were collected from the Jupiter Inlet (central) site, 

representing the mid-range geographically and in plant characteristics, and grown in 

treatments of salinity 10, 20 and 30 with or without addition of CDOM. Short-term (1 

day, 1 week) and long-term (1 month) measurements of physiological responses and 

survival rates were made for three one-month runs during the summer of 2006. 

Although there were no significant salinity and CDOM interactive effects, the salinity 10 
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treatment was fatal to all plants after ten days. Salinity also affected UVP levels of the 

plants, which increased with decreased salinity. These results suggest that the 

flavonoids may be produced as a stress response – here, salinity stress. Effects of 

decreased short wavelength light in the CDOM treatments on UVP production were not 

observed during the one-month experimental period, indicating that variation in UV 

radiation was not affecting flavonoid production, at least within the one month 

experimental period. However, the field observations revealed variation in flavonoid 

levels between habitat types (high vs. low CDOM), most often with higher levels in the 

river sites, which indicated that H. johnsonii was responding to longer-term optical 

conditions.   

To specifically address effects of light quality on photophysiology, the 

photosynthetic responses of H. johnsonii to wavelength-specific radiation were 

examined. This study measured the photosynthetic responses of plants from Oleta 

River and Haulover Inlet, in northern Biscayne Bay, to equal irradiance across 

wavelengths from 340 nm to 730 nm. This southern location had consistently distinctive 

riverine vs. marine environmental characteristics during the year-long period of the field 

study. H. johnsonii from Oleta River exhibited highly variable photosynthetic responses 

and generally greater UVP absorbance than plants from the inlet, consistent with the 

field studies. The riverine plants also exhibited a greater photosynthetic efficiency at 

shorter wavelengths (340-450 nm), but lower photosynthetic rates at longer 

wavelengths (694 and 730 nm) than did the inlet plants. This raised the question of why 

was there greater energy allocation towards UVP production and preferential UV 

absorbance in plants that are from a habitat high in CDOM (i.e., with reduced UV-
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radiation)? These results were counter to what would be expected if the flavonoids were 

functioning strictly as UVPs.  However, there is evidence that flavonoids may be 

produced to protect shade-adapted plants from short-term high-intensity bursts of light, 

so called ‘sunflecks’ (Gould et al. 2000). The seasonal field study revealed shade-

adapted morphology and physiology in the riverine H. johnsonii. In combination with the 

habitat differences in wavelength-specific photosynthesis, the results support the idea 

that over the long-term, in chronic high-CDOM, low UV-blue light riverine environments, 

plants are blue-light shade acclimated (high quantum efficiencies at short wavelengths), 

but that they maintain relatively high UVP levels to protect chloroplasts from shorter-

term sunflecks from wave-focusing or shallow water at extreme low tides. 

To better understand the temporal scaling and limits of photophysiological 

plasticity in H. johnsonii, a field study was conducted at the Oleta River and Haulover 

Inlet sites in which the environmental characteristics and plant physiological responses 

of the two adjacent populations of H. johnsonii were measured hourly over the course of 

a day. To help differentiate between tidal and diurnal effects on the optical environment 

and to assess seasonal effects, the study was conducted at two opposing tidal regimes: 

high tide at mid-day and low tide at mid-day, which occurred 1 week apart; the regime 

was repeated in both October and June.  Short-term physiological responses (pigments 

and photosynthetic effective quantum yield) to diurnal and tidal variations were distinct 

between H. johnsonii from each habitat type. At times of similar light quantity (bottom 

PAR), effective quantum yields and chlorophyll concentrations were greater at the river 

site. UVP absorbance was also frequently greater in the river plants and at times 

exhibited an increase after a period of decreased salinity, though this trend was not 
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consistent. Riverine H. johnsonii is exposed to different light quality, not necessarily 

quantity than inlet plants, over the course of the day, but lower light over a long-term 

period (seasons), thus river plants exhibit shade-acclimated characteristics (larger 

leaves, higher chlorophyll levels) and distinctive diurnally-variable effective quantum 

yields in response to short-term changes in the light field. In contrast, UVP levels 

seemed to be more responsive to long-term overall changes in light, increasing from 

October to June at both sites. The greater increase in UVP levels at the riverine site 

may be indicative of the additional role of protecting shade-acclimated chloroplasts in 

riverine plants during short-term exposure to high-intensity irradiance in summer. This 

ability of H. johnsonii to acclimatize to widely different environmental conditions could 

facilitate its persistence in dynamic habitats by providing a competitive advantage over 

co-occurring widely-distributed species. 

As results of my studies were not fully supporting that the flavonoids were acting 

solely as a UV-sunscreen, I decided to examine another aspect that would increase the 

competitive advantage of H. johnsonii, specifically in the upper intertidal zone: 

desiccation tolerance. To investigate this, a comparative study was performed to 

examine the desiccation tolerance of both H. johnsonii and the frequently co-occurring, 

but strictly subtidal, con-generic, Halophila decipiens. Photosynthetic responses and 

water loss rates under both light and dark conditions were measured during desiccation. 

Water loss rates were not significantly different between the two species in either light 

or dark conditions. H. johnsonii exhibited a greater rate of decline in effective quantum 

yields with increasing desiccation under light conditions. This implies that at the leaf 

level, desiccation tolerance is not the underlying factor for H. johnsonii monopolizing the 
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upper intertidal habitat over H. decipiens. The flavonoids in H. johnsonii may function in 

part as a ‘sunscreen’, but in addition as a response to other stressors that occur when 

exposed to desiccating conditions (i.e., hypersalinity due to evaporation, higher 

temperatures when low tide is mid-day), increasing tolerance to upper intertidal 

conditions. These compounds are not found in H. decipiens. Flavonoids in other plants 

are known to serve stress-response functions in response to light, drought, temperature 

and oxidative stress (Harborne and Williams 2000). H. johnsonii flavonoid production 

and allocation may vary in response to several stressors, thus warrants further 

investigation.  

To conclude, this study on the physiological ecology of H. johnsonii has provided 

evidence that this essentially clonal species has wide environmental tolerances and 

exhibits habitat-based acclimation at a range of temporal scales. Field and mesocosm 

results indicate that extreme hyposaline conditions (salinity < 10) may be more 

detrimental to this species than elevated CDOM, in terms of hurricane effects. The 

study results may also help in answering the question of why there is such a limited 

geographical distribution if H. johnsonii is so tolerant and physiologically plastic.  

Persistent hyposaline conditions, in addition to poor optical water quality, in the northern 

reaches of the Indian River Lagoon are likely preventing the successful establishment of 

new H. johnsonii beds any farther north. In support of this idea are recent observations 

of a northern extension of its range, following two years of drought conditions (Virnstein 

and Hall In press). At the southern distribution limit there appeared to be an 

environmental parameter or suite of parameters apart from salinity and light quality that 

may impose a limit. As there is also a high degree of variation in sediment type and flow 
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velocity among the sites I studied (personal observation), future studies should examine 

the role of sediments, nutrients, and physical environment (wave energy, currents, etc.) 

to better understand the habitat characteristics required by H. johnsonii. This would 

contribute to the better management for the persistence and longevity of this rare 

species. The study results also reinforce the importance that when studying seagrass 

species, or any benthic organism, it is vital that observations and measurements not be 

limited to average environmental conditions or parameters. Variability around the mean, 

and an organism’s ability to acclimate or survive that variability (i.e., to the amplitude of 

change) is what shapes communities living in dynamic habitats such as estuaries or 

intertidal zones. H. johnsonii demonstrates a highly plastic photophysiology that 

acclimates to both longer-term chronic conditions as well as to extreme short-term 

variations around the mean. The results of this study show that even with the apparent 

absence of sexual reproduction, H. johnsonii has developed habitat-specific, short-term 

physiological responses that seem acclimatory and distinctive morphological and 

physiological characteristics that seem more adaptive to long-term habitat conditions. 

Finally, the concept of a seagrass exhibiting spectrally-based shade-acclimation, not 

just acclimation to overall light quantity (i.e., PAR), is one that merits examination in 

other species.  
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