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Macroalgal blooms are responses to nutrient enrichment in shallow seagrass 

ecosystems like the Indian River Lagoon (IRL), Florida. Little is known about nitrogen 

(N) and phosphorus (P) limitation or the importance of morphological/physiological 

characteristics of bloom-forming macroalgae (Ulva lactuca, Hypnea musciformis, and 

Gracilaria tikvahiae) in the IRL. 

 We hypothesized: 1) all species would proliferate in nutrient-rich Titusville, 2) 

opportunistic U. lactuca would dominate, 3) Rapid Light Curves (RLCs) would assess 

nutrient status, and 4) nutrient concentrations would regulate growth more than N:P 

ratios. Field studies showed rapid biomass doubling times of 2 days (U. lactuca; 

November 2012) in urbanized Titusville. RLCs in a guano-enriched island off Big Pine 

Key (BPK) and Titusville (Ulva spp.) were similar due to P-saturation. Laboratory 

studies showed three-fold higher RLCs and two-fold faster growth at high nutrient 
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concentrations of N and P. Reductions of both N and P will be required to moderate 

future blooms. 
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1. INTRODUCTION 

Macroalgal blooms are primary symptoms of eutrophication in shallow coastal 

ecosystems (Bricker et al., 2007; Lapointe et al., 1994; Valiela et al., 1997). Macroalgal 

blooms occur when excess nutrients are discharged from various non-point and point 

source(s) of pollution (Bricker et al., 2007; Sigua and Tweedale, 2003). During blooms, 

increases in nitrogen (N) and phosphorus (P) fuel the growth of opportunistic macroalgae 

and phytoplankton until light reduction has compromised submerged aquatic vegetation 

(SAV) growth, like seagrasses (Burkholder, 2007; Morris and Virnstein, 2004; Smith et 

al., 1999). High biomass macroalgae accumulations from excess nutrients can lead to 

harmful algal blooms (HABs; Lapointe and Bedford, 2007), which can be major nutrient 

sinks during bloom formation and sources of recycled nutrients after decomposition, 

eventually affecting phytoplankton blooms. Unlike phytoplankton HABs, macroalgal 

HABs are non-toxic. However, they can cause major ecosystem impacts such as habitat 

destruction, oxygen depletion, and alterations of nutrients and biogeochemical cycling 

(Lapointe and Bedford, 2007; Lapointe et al., 1994; McGlathery, 2001; Valiela et al., 

1997). Many coastal management strategies to restore ecosystem health involve the 

reduction of macroalgal growth and potential HAB formation, thereby promoting 

seagrasses. 

The IRL is a shallow and narrow bar-built coastal estuary spanning approximately 

248 km along the Atlantic coast of Florida (Steward and VanArman, 1987). In addition, 
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the IRL has limited water circulation through its six widely spaced inlets connecting to 

the Atlantic Ocean with longer residence times in the northern section (Phlips et al., 

2002, 2004; Sigua and Tweedale, 2003; Smith, 1993). The IRL is biologically diverse, 

serving as habitat and breeding grounds for many fishes, invertebrates, and marine 

mammals (Gilmore, 1977) and is greatly influenced by nutrient enrichment (Sigua et al., 

2000). Changes in land use have decreased overall water quality through habitat 

fragmentation (Larson, 1995) and have compromised the integrity of the IRL through 

stormwater and wastewater discharges (Lapointe et al., 2012; Sigua and Tweedale, 2003). 

Such anthropogenic alterations have reduced overall ecosystem health and have 

consequently increased algal growth and decreased seagrass habitat (Burkholder et al., 

2007; Morris and Virnstein, 2004; Steward et al., 2005). Water quality analyses show 

nutrient limitation shifts throughout the northern, central, and southern areas of the IRL 

where the northern IRL is predominantly P-limited and nutrient-rich whereas the central 

and southern IRL are predominantly N-limited (Phlips et al., 2002; Sigua et al., 2000; 

Lapointe et al., 2013).  

According to the National Estuarine Eutrophication Assessment (NEEA), the IRL 

is highly susceptible to increased N loads from the combination of high input and low 

tidal flushing (Bricker et al., 2007). Major nutrient sources are fertilization, urban 

stormwater and wastewater, and atmospheric N deposition (Bricker et al., 2007; Lapointe 

et al., 2012). All of these sources have the potential to increase HAB events, including 

phytoplankton (Phlips et al., 2002, 2004; Sellner et al., 2003) and macroalgae blooms, 

fish kills, and marine mammal diseases (Bossart, 2007; Goldstein et al., 2006). Overall, 
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the eutrophic condition of the IRL from 1999 to 2004 was moderate with no change 

between assessments with high susceptibility for eutrophication potential (NEEA, Bricker 

et al., 2007, 2008). Studies have shown a 3-fold increase in macroalgae over seagrass 

biomass in the IRL during April 1982 (164 to 49 g dry wt. m
-2

; Virnstein and Carbonara, 

1985) as well as an 11% system-wide decrease in SAV cover since the 1970s (Fletcher 

and Fletcher, 1995), both system attributes of eutrophication (Lapointe et al., 1994). 

These changes, particularly increased macroalgal blooms (Lapointe et al., 2004), can 

cause shifting over time from a seagrass-based system to a phytoplankton-based one, 

ultimately creating anoxia or hypoxia and reducing functional diversity in the IRL 

(Barile, 2004; Burkholder et al., 2007; McGlathery, 2001; Sigua et al., 2000). More 

recently, the northern IRL experienced an unprecedented brown tide “super bloom” of 

Aureoumbra lagunensis Stockwell, DeYoe, Hargraves, and Johnson (DeYoe et al., 1997; 

NOAA, 2012), which hypothetically was supported by recycled nutrients (Zimmerman 

and Montogomery, 1984) from the decomposing macroalgal biomass. The IRL SWIM 

Plan (SFWMD and SJRWMD, 2002) has included specific strategies and nutrient criteria 

to protect seagrass beds (Fletcher and Fletcher, 1995; Steward et al., 2005). In order to 

reach this endpoint, factors, specifically nutrient dynamics, regulating macroalgal blooms 

require more understanding. 

Macroalgae, particularly highly opportunistic forms such as Ulva spp., are 

commonly used in nutrient pollution studies because they are well-known bioindicators 

of nutrient availability in the water column (Cohen and Fong, 2006; Lapointe and Tenore, 

1981). Macroalgae used as indicators are sessile and assimilate nutrients differently from 
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the water column over extended periods of time, providing an integrated assessment of 

nutrient availability (Dailer et al., 2010; Fong et al., 2001; Jones et al., 1996; Lapointe 

and Ryther, 1978). Additionally, algal dominance is related to physiological profiles and 

morphological characteristics (i.e., the functional/form hypothesis; Littler, 1980). Thin 

sheet-like forms of macroalgae, such as U. lactuca, have optimum photosynthetic 

productivity, surface area to volume (SA:V) ratios, and growth strategies lending their 

ability to outcompete other morphological forms of algae in certain environments with 

elevated nutrient levels (Carpenter, 1990; Littler, 1980; Rosenberg and Ramus, 1984). 

Therefore, respective algal morphologies play a critical role in bloom temporal and 

spatial dynamics due to differences in nutrient requirements, uptake kinetics, and storage 

capacities among taxa.  

This study compared growth strategies and photosynthetic performances of two 

rhodophytes, Hypnea musciformis and Gracilaria tikvahiae, and the chlorophyte Ulva 

lactuca as a function of nutrient availability in N- and P-limited sites of the IRL. These 

macroalgal species were chosen because they are common bloom-formers. For instance, 

massive rhodophyte drift blooms in Lee County in 2003 and 2004 were composed of 

mainly H. musciformis and H. spinella with some G. tikvahiae intertwined (Lapointe and 

Bedford, 2007). Ulva lactuca and H. musciformis have also been problematic in shallow 

coastal waters due to influxes of nutrients from urbanization in Hawai’i, which has a 

similar coastal morphology to the IRL (Dailer et al., 2012). Blooms of Ulva spp. are 

common in the Venice lagoon, Italy due to a combination of coastal urbanization, 

anthropogenic nutrient enrichment, and limited tidal flushing (Sfriso et al., 1992; 
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Teichberg et al., 2010), similar to the IRL. Ulva spp. have also been known to bloom in a 

wide variety of nutrient-rich environments in both temperate (Thornber et al., 2008) and 

tropical waters (Lapointe et al., 2010). There have been blooms reported in Boston 

Harbor, USA (Sawyer, 1965), Mondego Estuary, Portugal, Waquoit Bay, Massachusetts, 

San Antonio Bay, Argentina, Urias Estuary, Mexico, Jobos Bay, Puerto Rico, Flamengo 

Sound, Brazil, (Teichberg et al., 2010) and Qingdao, China (Leliaert et al., 2009). 

We hypothesized that U. lactuca would outperform H. musciformis and G. 

tikvahiae because the chlorophyte has a high SA:V ratio (Rosenberg and Ramus, 1984), 

flat thallus morphology consisting entirely of photosynthetic cells (Lapointe and Tenore, 

1981), and enhanced ability to assimilate all forms of dissolved inorganic nitrogen (DIN: 

NO3
-
 and NH4

+
) in the water column. In comparison, rhodophytes, such as G. tikvahiae, 

have an increased lag time to assimilate NO3
-
 for NH4

+
 reduction (D’Elia and DeBoer, 

1978; Rosenberg, 1981; Rosenberg and Ramus, 1982, 1984; Teichberg et al., 2007, 

2008). Accordingly, U. lactuca would take advantage of a high nitrogen environment 

much more efficiently compared to other rhodophytes, such as H. musciformis and G. 

tikvahiae with lower SA:V ratios (Rosenberg and Ramus, 1984), highly branched thalli 

construction, and lower photosynthetic performances. In addition, G. tikvahiae 

(Teichberg et al., 2008) and H. musciformis (Dawes et al., 1976; Guist et al., 1982) have 

been shown to have a greater range of growth in N-limited areas due to their broad 

tolerances to temperatures, low-light level tolerances, and nutrient conditions via nutrient 

storage in the form of non-photosynthetic pigments, especially the N-rich 
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phycobiliprotein complexes (Dawes et al., 1984; Lapointe, 1981; Lapointe et al., 1984b; 

Lapointe and Ryther, 1978). 

Such inherent physiological differences among U. lactuca, H. musciformis, and 

G. tikvahiae can affect photosynthetic responses and growth rates and therefore influence 

algal biomass in bloom events (Carpenter, 1990; Figueroa et al., 2003; Lotze and 

Schramm, 2000; Teichberg et al., 2008; Rosenberg, 1981; Rosenberg and Ramus, 1982). 

Assessments of stress within the photosynthetic apparatus of photosystem II (PSII) within 

these species can be quantified using pulse amplitude modulated (PAM) fluorometry and 

rapid light curves (RLCs; Ralph and Gademann, 2005). PAM fluorometry has proven to 

be a unique method to assess the photosynthetic apparatus of a plant (Necchi Jr., 2004; 

Ralph and Gademann, 2005; White and Critchley, 1999). The recent use of PAM 

fluorometry and RLCs provides easy in situ data collections demonstrating levels of 

stress within PSII of a plant.  

In the past, photosynthesis-irradiance curves ("P-I Curves") were used to describe 

photosynthetic responses. However, these methods are time-consuming and cannot easily 

be conducted in situ (Ralph and Gademann, 2005). Lapointe (1997) used P-I curves to 

compare varying photophysiological strategies of macroalgae in N- versus P-limited 

conditions of southeast Florida and Jamaica. The difference in response to the 

photosynthetic apparatus, as demonstrated through the P-I curve analysis, correlates to 

varying environmental stress that is directly related to the physiology of the macroalgae. 

More recently, Teichberg et al. (2013) used RLCs and photosynthetic quantum yield (Y 

II, ∆F/Fm) to demonstrate increased photosynthetic capacities with nutrient enrichment of 
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the green alga, Halimeda opuntia. Thus, the use of RLCs may provide important 

information on nutrient-induced stress limitations on growth rates of bloom-forming 

macroalgae. 

This study addressed some gaps in knowledge concerning macroalgal bloom 

prediction, composition, and possible control methods. Field studies utilizing new PAM 

fluorometry technology and growth rates across the IRL N:P nutrient gradient from north 

to south and guano-enriched mangrove islands in Big Pine Key (BPK; Lapointe et al., 

1992) will help environmental managers better understand how nutrient enrichment 

triggers macroalgal blooms. Laboratory assessments of RLCs used as short-term 

responses of U. lactuca to differing nutrient concentrations were also correlated to in situ 

RLCs of U. lactuca and U. intestinalis for optimal nutrient control in high nutrient 

locations. These field and laboratory data provide new insights on using macroalgae as 

indicator species for eutrophication management strategies in the IRL. 

 

1.1 Hypotheses 

H1: The nutrient-rich northern IRL site will support faster growth rates of U. lactuca, H.  

 musciformis, and G. tikvahiae compared to the N-limited site in the central IRL in  

 our caging experiment because of the north to south variation in nutrient 

 concentrations.  

H2: Opportunistic U. lactuca will grow faster than H. musciformis and G. tikvahiae in the  

 nutrient-rich northern IRL compared to the central IRL because of its inherent  

 morphological and physiological advantages.  



8 
 

H3: Higher nutrient concentrations affect macroalgal photosynthesis and growth more 

 than N:P ratios.  

H4: RLCs can be used as short-term assessments of in situ macroalgal nutrient status  

in nutrient-rich sites in the northern IRL and the Florida Keys. 
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2. METHODS 

2.1 Study Sites and Rationale 

A caging experiment with U. lactuca, G. tikvahiae, and H. musciformis was 

conducted at one site in the northern IRL (NIRL; Titusville (28º 36' 43.52", -80º 48' 

17.05") and one site in the central IRL (CIRL) at the Harbor Branch Oceanographic 

Institute (HBOI; 27º 32' 10.57", -80º 20' 58.40"; Figure 1) during November and June 

2012. Dissolved oxygen, salinity, conductivity, and temperature were measured were 

measured each week during November and June 2012 sampling and again in December 

2012 in Titusville and Big Pine Key using a calibrated YSI Model 85 

salinity/conductivity/DO sensor to describe site conditions. RLCs of U. lactuca and U. 

intestinalis were measured in December 2012 from specimens collected in Titusville and 

BPK for inter-specific comparisons of photosynthetic performances at different high 

nutrient sites. In BPK, RLCs of U. lactuca, U. intestinalis, and Acanthophora spicifera 

were taken at two bird guano-enriched mangrove islands (Lapointe et al., 1992; Pine 

Channel Big Island; BI; 24° 43' 24.2898", -81° 24' 48.2472" and Pine Channel Little 

Island; LI; 24° 43' 22.155", -81° 24' 19.0476"; Figure 1). Water samples were taken from 

BPK sites for nutrient analyses (Table 1). Finally, RLCs of laboratory nutrient 

enrichment experiment of U. lactuca were conducted to establish optimal N:P ratios or 

nutrient concentrations that affect growth and photosynthesis. Laboratory RLCs from 

nutrient
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growth enrichment were compared against nutrient-rich in situ RLCs from BPK and 

Titusville as well.  

 The established N:P nutrient gradient from north to south in the IRL led to our 

study objectives. IRL-wide water quality analyses in 2011/2012 (Lapointe et al., 2013) 

were used as a proxy for nutrient data of our Titusville and HBOI sites. NIRL data from 

the sample site entitled NIRL 2 and CIRL data from the sample site CIRL 5 were used to 

establish similar nutrient conditions in Titusville and HBOI during field algal growth 

experiments.  

Data from these proxy sites support the N:P limitation urbanized gradient from 

north to south in the IRL and an increase of DIN into the system at Titusville (Lapointe et 

al., 2013; Table 1). The total dissolved nitrogen (TDN): total dissolved phosphorus 

(TDP) ratios for the NIRL site are > 30:1, indicating a nitrogen rich (P-limited) system, 

whereas the TDN:TDP ratios for the CIRL site are lower, indicating N-limitation. 

Anomalous TDN:TDP ratio (> 30:1) for the CIRL site during the 2011 winter could be 

from excess rain events discharging N. Nutrient concentrations of NH4
+
, NO3

-
, and 

soluble reactive phosphorus (SRP) were also higher in Titusville than HBOI, except for 

anomalous high NH4
+
and NO3

-
 input in November 2012 at CIRL5. TDN:TDP ratios for 

BPK sites (BI and LI) show N-limitation as well.   

Furthermore, modified f-ratios (NO3
-
/ NH4

+
 + NO3

-
) from these water quality data 

were calculated to determine the major source of available DIN (Lapointe et al., 2004). 

An f-ratio value > 0.5 indicates dominance of NO3
-
 and values < 0.5 indicate dominance 

of NH4
+ 

in shallow coastal estuaries like the IRL. All f-ratios for sites in NIRL, CIRL, 
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and BPK were ≤ 0.5, indicating NH4
+
 dominating DIN in the water column relative to 

SRP, except for the CIRL site during the 2011 winter sampling (Table 1). The same 

anomalous increase in the TDN:TDP ratio for this site is also seen in an f-ratio of 0.6 ± 

0.01; suggesting DIN at this site was dominated by NO3
-
 at this time. Both the NIRL and 

CIRL typically show dominance of NH4
+
, which coupled with high δN

15
 values, suggest 

wastewater input (Lapointe et al., 2013). The elevated NH4
+
 can lead to HABs especially 

because macroalgae preferentially assimilate anthropogenically derived NH4
+
 rather than 

NO3
-
 (D’Elia and DeBoer, 1978; Jones et al., 1996; Teichberg et al., 2008).  

 Moreover, historical census population densities (1930 to present; population 

density, people km
-2

) confirm increased urbanization in the NIRL (Brevard County) 

compared to the CIRL (Indian River County; Figure 2). Decreased urbanization in the 

CIRL counties has led to moderately lower nutrient loadings. Because of this, the CIRL 

site at HBOI is still considered nitrogen limited (Lapointe et al., 2013; Sigua and 

Tweedale, 2003). Larger inputs of SRP from freshwater canals, tributaries, and rivers 

compared to lower N-input have shifted the system to N-limitation (Sigua and Tweedale, 

2003).  

 

Field Studies: 

2.2 Experimental Design 

 Four treatments were haphazardly placed in each site in the northern and central 

IRL (Titusville and HBOI) of U. lactuca, H. musciformis, and G. tikvahiae in a 

randomized complete block design. A total of 12 cylindrical (24 cm long; 9 cm in  
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diameter; 1526.8 cm
3
) cages constructed from small-sized mesh VEXAR (5 x 6 mm) 

were arranged horizontally in clusters of 3 on PVC poles 2.3 m in length (4 replicates per 

site). This horizontal design allowed the algae to lie on the bottom of each cage with 

ample space and reduced any cage-induced growth limitations. The PVC pole was then 

buried within the sediment approximately 0.8 m and suspended 0.3 m above the 

sediment. Cages were staggered on the PVC pole by 120° so light attenuation was not 

compromised by shading.  

 

2.3 Specific Growth Rates 

Initial and final wet weights of caged specimens were measured to quantify 

growth rates. Growth data were collected after 14 days (for field caging) and 2 ½ days 

(for laboratory nutrient enrichment) to establish specific growth rates of U. lactuca, H. 

musciformis, and G. tikvahiae. Specific growth rates (μ) were calculated in doublings d
-1

 

as:  

   
     

 
   

  
 

where N0 and N are the initial and final biomass, respectively, and time (t) is calculated in 

days (Lapointe, 1981; Lapointe et al., 1984a). This calculation for macroalgal growth is 

not density-dependent and accurately describes biomass accumulation over time in days 

(Lapointe and Tenore, 1981). The inverse of μ corresponds to biomass doubling time in 

days. 
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2.4 Diving-PAM Measuring Principle 

RLCs from a Walz Diving-PAM were utilized to compare physiological profiles 

of different macroalgae. The kinetics of chlorophyll a fluorescence were measured by 

quenching photosynthetic systems I and II (PSI and PSII) within the respective sample 

(Genty et al., 1989). PAM fluorometry can be used to measure light energy dissipation 

efficiencies in ambient light to determine instantaneous photosynthetic efficiencies (Y) of 

PSII.  

Photosystem responses are quantified utilizing the Walz Diving-PAM by 

switching a high light pulse on and off rapidly (3μs) at a frequency of 600 or 20,000 Hz 

to calculate the chlorophyll fluorescence excitation and reduce disturbances from ambient 

sunlight. Incoming fluorescence is separated using a combination of optical fibers. These 

optical fibers work by excitation of blue light (< 680 nm) and filtration via a red filter (> 

700 nm). This technique is entitled the saturation pulse method (Heinz Walz GmbH, 

1998). With this method, the PAM fluorometer takes advantage of different pathways of 

light energy within a plant: 1) light utilized for photosynthesis, 2) light transferred as heat 

dissipation, or 3) light re-emitted and quantified as chlorophyll fluorescence by 

fluorometers such as the Walz Diving-PAM (Maxwell and Johnson, 2000).  

The saturation pulse method separates photochemical and non-photochemical 

fluorescence via quenching and accurately measures photosynthetic yield with one 

million times larger background noise (ambient light) by utilizing a highly selective 

filtering system unlike traditional fluorometric techniques. The changes in fluorescence 

are directly related to changes in photochemical efficiency and heat dissipation quantified 
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as non-photochemical quenching (NPQ), during chlorophyll a energy conversions in PSI 

and II of the sample. Since all photosystems are quenched (qP, qN, NPQ) with the 

saturating light pulse, all electron acceptors in PSII become exhausted and the remaining 

quenching available must be non-photochemical (Beer et al., 1998; Maxwell and 

Johnson, 2000). Therefore, photosynthetic activity is quantified by closing all 

photochemical reaction centers to receive a larger, or maximal, fluorescence 

measurement. 

Both light and dark reaction measurements are determined by PAM fluorometers 

by emitting 3 separate quantities of light fluorescence: 1) A relatively weak intensity light 

(0.15 µmol photons m
-2

 s
-1

) from the sample of the closed PSII reaction center without 

inducing photosynthesis. The relative electron transport rate (rETR) on the Y-axis of the 

RLC of the sample is calculated once the capture of a photon by the PSII reaction center 

has occurred. 2) Next, a saturating pulse stronger in intensity, (>10,000 µmol photons m
-2

 

s
-1

) emitted for less than 1 s (Heinz Walz GmbH, 1998). 3) Finally, the actinic light 

(2,000 µmol photons m
-2

 s
-1

) emission is stronger in intensity and induces photosynthesis 

in the sample. This allows the reaction centers to become open in dark-adaptation, the 

electron transport chain to become oxidized, the photosynthetic mechanisms (ie. the 

xanthophyll cycle) to become relaxed, and the trans-thylakoid (DpH) gradient to become 

reduced until depletion (Ralph and Gademann, 2005; White and Critchley, 1999). All of 

these steps allow the photosynthetic quantification measured by the variable, rETR. 

Macroalgal photosynthetic performance was measured using the Diving-PAM 

Walz flourometer for in situ data collection. The Diving-PAM does not disturb the 
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species being measured, it is not restricted by recording oxygen or carbon dioxide (even 

14
CO2) evolution uptake, and each measurement takes less than 1 s (Beer and Axelsson, 

2004; Beer and Björk, 2000; Beer et al., 1998, 2000). In addition, RLCs provide 

important information on a plants photosynthetic apparatus and respective health (Ralph 

and Gademann, 2005). 

 

2.5 Diving-PAM Methods 

 Walz Diving-PAM fluorometry measurements for all macroalgal species were 

conducted using the universal sample holder (USH) where the sample was placed in the 

jaw of the USH and the optical fiber was set at a 90° angle approximately 5 mm away. 

Next, the external photosynthetic active radiation (PAR) sensor was placed in the slot of 

the adaptor plate to quantify irradiance emitted from the saturating pulse. The external 

PAR sensor was turned off (menu point 7) to conduct an RLC (menu point 17) based off 

the internal actinic table of PAR values to assess photosynthetic efficiencies of different 

specimens.  

 Both traditional P-I curves and RLCs measure effective quantum yield (PSII) as a 

function of irradiance. However, an RLC does not achieve steady state conditions for 

each light step (Ralph and Gademann, 2005; White and Critchley, 1999). These short 

light curves involve a total of 9 consecutive effective quantum yield measurements over a 

range of light intensities based on the Diving-PAM internal PAR actinic table (Heinz 

Walz GmbH, 1998). For this study, the typical 10 s between collections and the highest 

actinic light setting available (5) were utilized to calculate RLCs for three light-adapted 



16 
 

macroalgae in the laboratory and field. RLCs were conducted with the USH at PAR 

irradiances of 0, 192, 287, 390, 572, 768, 1151, 1645, 2398 µmol photons m
-2

 s
-1

 based 

on the internal PAR actinic table. The factory absorption factor (AF) from the Diving-

PAM of 0.84 for rETR calculations was utilized for all macroalgal species (Beer and 

Axelsson, 2004, Longstaff et al., 2002; Saroussi and Beer, 2007ab; Silva et al., 1998). 

 

2.6 RLC Curve-Fitting Model 

 All RLCs were curve-fitted using the following modified equation in the absence 

of photoinhibition (β = 0) derived from Platt et al.’s (1980) original curve fitting model:  

        
  

   
  

 
  

where Pm is the photosynthetic capacity at saturating PAR, α is the initial slope of the 

first 3 rETR values of the RLC, and Ed is the downwelling irradiance. All of these 

variables give the curve-fitting parameter, P (Ralph and Gademann, 2005). Hereafter, P 

from this equation is denoted as PRLC for this study. 

 

2.7 Field Statistical Analyses 

Water Column Phosphorus Concentrations 

 Two-way ANOVAs (main effects of site and season and interaction) were 

conducted separately for natural log transformed SRP and TDP concentrations for sample 

sites NIRL2, CIRL5, BI, and LI (Table 1). Natural log transformed residuals from both 

datasets, SRP and TDP, were not normal (Shapiro Wilk’s p < 0.001 and p < 0.003, 
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respectively). Robustness of ANOVA to slight deviations in normality was assumed. For 

full analysis output see Appendix B, pg. 51 (SAS 9.3). 

 

Field Specific Growth Rates 

A MANOVA (main effects of algal species, site, season, and their interactions) 

was conducted on specific growth rate calculations (µ) to test for site, taxa, and temporal 

variations among algal growth rates (SAS 9.3; see Appendix B, pg. 51). Data were non-

normal (Shapiro Wilk's p < 0.005) and transformation did not result in normality. 

Therefore, analyses were conducted without transformation assuming the robustness of 

MANOVA to slight violations of this assumption in balanced experimental designs. 

Contrasts were used to compare macroalgal species growth rates of U. lactuca, H. 

musciformis, and G. tikvahiae as well.  

 

RLC Comparisons Between Nutrient-rich Sites 

Two one-way ANOVAs were conducted on the dependent variables (PRLC and Is) 

for U. lactuca, U. intestinalis, and A. spicifera to assess in situ differences in the 

photosynthetic apparatus at BPK sites, and the combined interaction (SAS 9.3; see 

Appendix B pg. 52). Residuals of the natural log transformed PRLC data (Shapiro Wilk’s p 

< 0.362) and the natural log transformed Is data (Shapiro Wilk’s p < 0.138) were normal. 

Two-way ANOVAs were also performed on the light saturation intensity (Is) and 

the natural log transformed data for PRLC separately to compare the main effects of algal 

species (U. lactuca, U. intestinalis, and A. spicifera), the two sites BPK and Titusville, 
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and their interactions (SAS 9.3). Residuals of the (PRLC) data were normal and the 

residuals of the natural log transformed (Is) data were normal (Shapiro Wilk’s p < 0.899; 

Shapiro Wilk’s p < 0.055, respectively). Contrasts were conducted between U. lactuca 

and U. intestinalis to assess same genera photosynthetic changes. A MANOVA was 

performed on all nine PAR levels of the RLC as response variables to see if PSII light 

saturation (Is) is different between U. lactuca and U. intestinalis algal species, sites, and 

the combined interaction (SAS 9.3).  

 

Lab Studies: 

2.8 Nutrient Enrichment Experiment 

 Nutrient pulsing experiments were conducted in the laboratory in a series of 

incubators (Percival Intellus) to establish algal growth rates of U. lactuca in similar field 

temperatures and light levels for comparison with P-limited in situ RLCs of U. lactuca 

and U. intestinalis in BPK and Titusville. Due to limitations of the Diving-PAM on 

quantifying the photosynthetic apparatus of highly branched rhodophytes (Beer and 

Axelsson, 2004; Saroussi and Beer, 2007ab), only U. lactuca was used for laboratory 

nutrient enrichment. Algae samples were collected from mass culture at HBOI in N-

limited environment in the central IRL. Nutrient gradients for growth rates consisted of 0, 

20, and 40 µM NH4
+
; 0, 10, and 20 µM NO3

-
; and 0, 1, and 2 µM SRP in a factorial 3 x 3 

design with 3 replicates per treatment. Both NO3
- 
and NH4

+ 
were used as N sources to 

match site water quality conditions and compare data to in situ U. lactuca growth rates. 

Specimens were kept in the incubators at 20°C, immersed in an Instant Ocean synthetic 
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seawater solution made at ~ 35 ‰ in 1-L Wheaton borosilicate wide-mouth containers 

for a total of 60 hours (2 ½ days). Algae were kept at diurnal rhythms where the light 

intensity was incrementally increased from 0-500 µmol photons m
-2 

s
-1

 in the “afternoon” 

for 12 hours and incrementally decreased to "dark" for 12 hours at 0 µmol photons m
-2 

s
-1

. 

All RLCs in the lab were taken with plants acclimated to 250 µmol photons m
-2 

s
-1

 in 

environmental incubators. 

 

2.9 Surface Area:Volume Analysis 

 A NextEngine 3-D Scanner was used to calculate the relative surface areas of U. 

lactuca, H. musciformis, and G. tikvahiae. Approximately 2 g wet weight of each sample 

was dried and painted with floral paint (Design Master Colortool Spray; Colors 676 Basil 

and 710 Burgandy). The algae (4 replicates of each species) were sprayed with floral 

paint to preserve structure and to enhance laser capture. These data allow assessment of 

quantified growth strategies of three morphologically different species by comparing 

SA:V ratios in cm
2
 g dry wt.

-1
. Coefficients of variation (Cv) were all ± 4%. 

 

2.10 Lab Statistical Analyses 

Nutrient Enrichment Experiment  

 Three two-way ANOVAs were conducted on nutrient pulsing data to 

compare main effects and interactions between nitrogen (DIN: NO3- and NH4
+
) and 

phosphorus (SRP: PO4
3-

) concentrations on the three response variables; specific growth 

rates (µ), the final PRLC value, and Is, separately (SAS 9.3; see Appendix B, pg. 55). 
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Residuals of the data (PRLC) were normal (Shapiro Wilk’s p < 0.905). Residuals of the 

data (Is) were normal (Shapiro Wilk’s p < 0.217). Residuals of the data (growth rate, μ) 

were normal (Shapiro Wilk’s p < 0.790). 

 One-way ANOVAs were also conducted on these same variables to establish 

differences among all 9 treatments. In particular, the low nutrient (treatment 5) and high 

nutrient (treatment 9) levels of the experiment had 30:1 N:P ratios and were analyzed 

using a posteriori contrasts. The data were all homogeneous (Levene’s test). 

 

Surface Area:Volume Analysis 

 A one-way ANOVA on SA:V ratios (cm
2
 g dry wt.

-1
) was performed to establish 

morphologically distinct growth strategies among U. lactuca (Chlorophyta, flat thallus), 

H. musciformis, and G. tikvahiae (Rhodophyta, highly branched thalli). A posteriori 

contrasts were used to compare U. lactuca versus both rhodophytes and H. musciformis 

versus G. tikvahiae (SAS 9.3; see Appendix B, pg. 57). Residuals of the data were normal 

(Shapiro-Wilk’s p < 0.925) and homogeneous (Levene’s test). 

 

Interspecies Physiological Comparisons 

In order to compare inherent physiological differences of H. musciformis, G. 

tikvahiae, and U. lactuca, a one-way ANOVA was conducted on natural log transformed 

PRLC data and interspecific comparisons were conducted using a posteriori contrasts 

(SAS 9.3; see Appendix B, pg. 57). Residuals of the natural log transformed PRLC data 
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were normal (Shapiro-Wilk’s p < 0.053) but not homogeneous (Levene’s test; (F2, 71= 

4.16, p < 0.020). 

A MANOVA was also performed using nine different RLC PAR levels (0, 230, 

339, 500, 675, 979, 1309, 1971, 2799 μmol photons m
-2

 s
-1

) to establish the specific PAR 

level at which the photosynthetic apparatus is saturated among the three morphologically 

distinct macroalgal species, H. musciformis, G. tikvahiae, and U. lactuca in the lab. 
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3. RESULTS 

3.1 Water Column Phosphorus Concentrations 

Phosphorus concentrations (SRP and TDP) from the water quality data (Table 1) 

were each analyzed in a two-way ANOVA to see if there was a correlation between Ulva 

spp. in Titusville and BPK sites and increases in P. Despite P-limitation in the NIRL 

(TDN:TDP ratios > 30:1), P concentrations are still significantly higher due to 

urbanization. However, relating the increased N input keeps the N:P shifted towards P-

limitation. Unlike the NIRL, BPK mangrove islands are naturally enriched with bird 

guano, making these sites P-rich with respect to DIN. The overall ANOVA was 

significant for SRP concentrations (F5, 18= 8.28, p < 0.003, R
2
= 0.70) and TDP 

concentrations (F5, 18= 4.18, p < 0.011, R
2
= 0.54) Both SRP and TDP were significantly 

higher in the NIRL and BPK sites compared to the CIRL (F3, 18= 13.44, p < 0.001 and F3, 

18= 6.92, p < 0.003, respectively). However, no temporal effects (F1, 18= 0.97, p < 0.338 

and F1, 18= 1.83, p < 0.193) or interactions effects (F1, 18= 0.06, p < 0.802 and F1, 18= 0.87, 

p < 0.365) were present causing changes in P availability for both SRP and TDP 

concentrations, respectively.  

 

3.2 Field Specific Growth Rates 

 Ulva lactuca, G. tikvahiae, and H. musciformis were grown in caging experiments 

in Titusville and HBOI during June and November 2012 to establish morphologically 
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distinct growth strategies relative to shifting nutrient regimes. MANOVA analysis reveals 

a three-way interaction among sites, seasons, and algae (F2, 36=7.33, Wilk’s Lamda p < 

0.002, R
2
= 0.29) and a two-way interaction between algal species and season sampling 

(F2, 36=9.71, Wilk’s Lamda p < 0.004, R
2
= 0.35) on algal growth rates. These results 

indicate species specific preferences to high nutrients in different seasons. There was a 

temporal difference between field experiments conducted in June and November 2012 

(F1, 36= 85.09, Wilk's Lambda p < 0.001, R
2
= 0.70) and all macroalgae grew faster in 

nutrient-rich Titusville compared to HBOI (F1, 36= 58.49, Wilk’s Lamda p < 0.001, R
2
= 

0.62). 

 Data shown in Figure 3 also corroborate a physiological difference among U. 

lactuca, G. tikvahiae, and H. musciformis that relates to respective growth rates, site 

locations, and seasons. Contrasts reveal U. lactuca had significantly higher growth rates 

than both rhodophytes at both Titusville and HBOI during November and June 2012 (F1, 

36= 81.40, p < 0.001).  Average growth rates ± SD in June 2012 of U. lactuca were 0.27 ± 

0.03 doublings d
-1

 in Titusville and 0.12 ± 0.02 doublings d
-1

 at HBOI compared to 

November 2012 growth rates in Titusville of 0.49 ± 0.07 doublings d
-1

 and 0.26 ± 0.05 

doublings d
-1

 at HBOI. These growth rates for U. lactuca correspond to a biomass 

doubling time of ~ 3.7, 8.3, 2.0, and 3.9 days, respectively. Both highly branched 

rhodophytes had significantly different specific growth rates between sites and seasons 

(F1, 36= 10.73, p < 0.002).  In particular, H. musciformis had an average growth rate of 

0.35 ± 0.03 doublings d
-1

 compared to an average growth rate of  0.14 ± 0.05 doublings d
-

1
 for G. tikvahiae. These growth rates correspond to a biomass doubling time of 2.9 days 
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for H. musciformis, which is close to the fastest doubling time of 2 days for U. lactuca at 

the same site and season. 

 

3.3 RLC Comparisons Between Nutrient-rich Sites  

Overall, the two-way ANOVA for PRLC of the macroalgae (U. lactuca, U. 

intestinalis, and A. spicifera), between two mangrove sites in BPK (Big Island, Little 

Island) and the combined interaction was significant (F4, 14= 8.35, p < 0.001, R
2
= 0.70). 

RLCs among macroalgae were significant (F2, 14= 10.77, p < 0.002); whereas, the sites in 

BPK were not significantly different from each other (F1, 14= 0.02, p < 0.902). However, 

the interaction was significant (F1, 14= 10.62, p < 0.006). Contrasts reveal significant 

photophysiological differences between U. lactuca and A. spicifera through RLCs (F1, 14= 

12.27, p < 0.004; Figure 4) 

Overall, the two-way ANOVA for Is of the macroalgae (U. lactuca, U. 

intestinalis, and A. spicifera), between two mangrove sites in BPK (Big Island, Little 

Island) and the combined interaction was significant (F4, 14= 3.94, p < 0.024, R
2
= 0.53). Is 

from RLCs among macroalgae was also significant (F2, 14= 5.97, p < 0.013); whereas, the 

sites in BPK were not significantly different from each other (F1, 14= 3.15, p < 0.097). 

However, the combined interaction was significant (F1, 14= 4.89, p < 0.044). Contrasts for 

Is reveal that despite photophysiological differences in the RLCs, light saturation between 

U. lactuca and A. spicifera was not significantly different (F1, 14= 3.84, p < 0.070) in P-

enriched BPK. 
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RLCs were compared between the nutrient-rich sites, BPK and Titusville, to 

establish short-term assessments of U. lactuca, U. intestinalis, and A. spicifera nutrient 

status. The overall ANOVA was significant (F4, 23= 12.25, p < 0.001, R
2
= 0.68). The two 

nutrient-rich sites, BPK and Titusville, were statistically similar (F1, 23= 3.89, p < 0.061). 

However, there was a significant difference among RLCs of the macroalgae (F2, 23= 

15.84, p < 0.001). The algae and site interaction was not significant (F1, 23= 0.09, p < 

0.763). The contrast of the algal species U. lactuca and U. intestinalis  for PRLC data was 

significant (F1, 23= 20.65, p < 0.001), indicating inherent interspecific photophysiological 

differences (Figure 5). 

The light saturating value, Is, was also analyzed to see if the photosynthetic 

apparatus of the macroalgae, U. lactuca, U. intestinalis, and A. spicifera, saturates at the 

same PAR level on the RLC. The overall ANOVA was significant (F4, 23= 4.20, p < 

0.011, R
2
= 0.42). There was a significant effect on Is for macroalgae (F2, 23= 4.90, p < 

0.017), no significant differences were found between sites (F1, 23= 1.09, p < 0.308), and 

the combined interaction was not significant (F1, 23= 0.17, p < 0.685).  

A MANOVA was performed on all nine PAR values from the RLCs of U. lactuca 

and U. intestinalis to assess the main effects of algal species, sites, and the combined 

interaction on the specific saturating PAR value. There was a significant effect between 

macroalgae (F8,13= 3.34, Wilk’s Lambda P Value < 0.026, R
2
= 0.67). However, there was 

no site (F8,13= 1.09, Wilk’s Lambda P Value < 0.429, R
2
= 0.40) or interaction effects 

(F8,13= 0.90, Wilk’s Lambda P Value < 0.546, R
2
= 0.36). From the protected ANOVA 

output, a significant difference for RLC PAR levels ≥ 390 µmol photons m
-2

 s
-1

 between 
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macroalgae was found. These results indicate differences in light saturation of the 

photosynthetic apparatus between U. lactuca and U. intestinalis starting at 390 µmol 

photons m
-2

 s
-1

. 

 

3.4 Nutrient Enrichment Experiment 

 Nutrient enrichment growth of U. lactuca were conducted to establish a 

correlation between short-term nutrient assimilation and RLCs and to determine if high 

nutrient concentrations or N:P ratios affected PRLC, Is, and growth rates (μ). The two-way 

ANOVA for PRLC among treatments was significant (F8, 18= 3.47, p < 0.014, R
2
= 0.61; 

Figure 6). The combinations of NO3
-
 and NH4

+
 (DIN) had the greatest effect on U. 

lactuca RLCs (F2, 18= 10.62, p < 0.009) compared to PO4
3- 

(SRP), which was not 

significant (F2, 18= 1.30, p < 0.297. The DIN and SRP interaction was also not significant 

(F4, 18= 0.98, p < 0.441). Overall, DIN alone increased RLCs of U. lactuca three-fold. A 

posteriori contrasts of RLCs in the high nutrient treatment (9) compared to its lower 

nutrient counterpart (treatment 5) was significant (F1, 18= 7.85, p < 0.012) revealing that 

nutrient concentrations, not N:P ratios, regulate photosynthesis and growth. 

 The Is levels were also analyzed to assess the specific light saturation levels 

among treatments. The overall two-way ANOVA for this variable was not significant (F8, 

18= 1.88, p < 0.127, R
2
= 0.46). Again, DIN affected Is the most (F2, 18= 6.36, p < 0.008), 

SRP was not limiting (F2, 18= 0.23, p < 0.797) and the interaction was not significant (F4, 

18= 0.47, p < 0.579). There was also no distinction in light saturation of the 

photosynthetic apparatus, Is, between high and low nutrient concentrations with 30:1 N:P 
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ratios using contrasts (F1, 18= 0.32, p < 0.579). Therefore, light saturation is similar within 

species despite nutrient concentration increases. 

 Lastly, the overall two-way ANOVA for the specific growth rates (µ) over 2 ½ 

days was significant (F8, 18= 6.48, p < 0.005, R
2
= 0.74). DIN affected growth rates the 

most (F2, 18= 21.23, p < 0.001), SRP was not limiting (F2, 18= 3.30, p < 0.060), and the 

combined interaction was not significant (F4, 18= 0.70, p < 0.602). High nutrient 

concentrations had a greater effect on growth rates than N:P ratios from contrasts (F1, 18= 

11.63, p < 0.003). The estimated doubling time for biomass decreased from ~ 9.1 days 

(average μ ± SD; μ= 0.11 ± 0.06) to 2.5 days (μ= 0.40 ± 0.11) with increasing nutrients 

(treatment 1 compared to treatment 9). Specifically, biomass doubling time decreased 

two-fold from 4.5 days (μ= 0.22 ± 0.11) to 2.5 days (μ= 0.40 ± 0.11) with increasing DIN 

concentrations despite constant N:P ratios (30:1) for treatments 5 and 9, respectively.  

 

3.5 Surface Area:Volume Analysis 

 SA:V ratios of U. lactuca, G. tikvahiae, and H. musciformis were measured to 

quantify morphological differences among species. Average (± coefficients of variation, 

%) SA:V ratios for G. tikvahiae, H. musciformis, and U. lactuca were 91.1 ± 1.81, 110.7 

± 3.97, and 565.2 ± 2.15 cm
2
 g dry wt.

-1
, respectively. Overall one-way ANOVA of SA:V 

ratios (cm
2
 g dry wt.

-1
) was significant (F2, 9= 2277.86, p < 0.001, R

2
= 0.998) and 

contrasts revealed that U. lactuca had a significantly higher SA:V compared to both 

rhodophytes (F1, 9= 4549.69, p < 0.001). In addition, contrasts revealed that H. 



28 
 

musciformis had a significantly higher SA:V ratio than G. tikvahiae (F1, 9= 6.03, p < 

0.036) due to a finely branched thalli construction. 

 

3.6 Interspecies Physiological Differences 

 Laboratory RLCs of U. lactuca, G. tikvahiae, and H. musciformis were measured 

to establish distinct physiological characteristics among macroalgae. A one-way ANOVA 

for PRLC was significant (F2, 71= 33.04, p < 0.001, R
2
= 0.48; Figure 7). Ulva lactuca had a 

significantly higher photosynthetic response (~ two-fold increase) compared to both 

rhodophytes (F1, 71= 62.62, p < 0.001). In contrast, PRLC of the rhodophytes, G. tikvahiae 

and H. musciformis, were not significantly different (F1, 71= 3.10, p < 0.083). All nine 

PAR levels of the RLCs were significantly different among macroalgal species, 

indicating Is varied among species (F16, 71= 16.88, Wilk’s Lambda p < 0.001, R
2
= 0.90) in 

the lab. 
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4. DISCUSSION 

Macroalgal blooms in nutrient-rich areas, like Titusville and BPK, are ecosystem 

responses to high nutrient and eutrophication. Varying macroalgal characteristics like 

morphology, physiology, SA:V ratios, and photosynthetic performances can all help 

determine a physiological basis for dominating algal species. Ulva spp. are opportunistic 

bloom-formers because they are the most efficient photosynthetically and 

morphologically (Carpenter, 1990; Littler, 1980; Lotze and Schramm, 2000). Ulva spp. 

form blooms in the Venice lagoon, Italy due to coastal urbanization, anthropogenic 

nutrient enrichment, and limited tidal flushing just like the northern IRL (Sfriso et al., 

1992; Teichberg et al., 2010). Finely branched rhodophytes such as H. musciformis have 

fewer resources allocated towards thalli construction than other rigidly branched 

rhodophytes, like G. tikvahiae, and can increase bloom capacity more efficiently (Littler, 

1980). This can be seen in Lee County 2003/2004 (Lapointe and Bedford, 2007) and 

Maui (Dailer et al., 2010; Lapointe and Bedford, 2011) where high biomass rhodophyte 

blooms, dominated by H. musciformis, were fueled by elevated nutrients. Nutrient 

enrichment can increase photosynthetic capacities as seen by RLCs and PI-curves 

(Lapointe, 1997; Teichberg et al., 2013) in the dominate species in a community from 

"bottom-up" ecosystem control affecting macroalgal bloom formation. 

 Results supported our first hypothesis that growth rates of U. lactuca, G. tikvahiae 

and H. musciformis would be faster in Titusville, a nutrient-rich site, compared 
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to HBOI, a N-limited site. Ulva lactuca, in particular, had a biomass doubling rate of two 

days in November 2012 where the TDN:TDP ratio was at its highest (60.7) with the 

lowest overall f-ratio of 0.1 (Table 1). These results suggest high dominance of 

anthropogenic NH4
+
 in DIN concentrations and high SRP concentrations. In contrast, 

data show that U. lactuca does not grow as well in more N-limited environments with 

respectively low SRP. The SRP concentrations were significantly lower and NH4
+
 

concentrations were all higher in the northern IRL where macroalgae grew the best 

compared to the central IRL, except for anomalous November 2011 sampling. Ulva spp. 

do not have N storage abilities, like G. tikvahiae and H. musciformis (Fujita, 1985; 

Teichberg et al., 2007). Ulva spp. are also able to more quickly assimilate all forms of 

DIN, leading to increased growth rates compared to rhodophytes in nutrient-rich areas 

like Titusville. It is important to note that in Titusville both G. tikvahiae and H. 

musciformis had a deeper red pigmentation than at HBOI where they had green 

pigmentation, visually verifying nutrient limitation in the central IRL (Lapointe and 

Ryther, 1979; Lapointe et al., 1976). Therefore, spatial differences in Titusville and 

HBOI are largely due to changes in nutrient availability because there were no drastic 

fluctuations in salinity, temperature, and dissolved oxygen levels between each site and 

season. 

 Growth rates observed in this study for U. lactuca and H. musciformis are among 

the highest reported in the scientific literature. Whereas, our growth rates for G. tikvahiae 

were among the lowest found in the literature. The June 2012 growth rates in HBOI for 

U. lactuca from this study are similar to growth rates from Lapointe and Tenore (1981) 
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for U. fasciata at 0.12 doublings d
-1

. Our growth rates in November 2012 in Titusville are 

faster growth rates found by Lapointe and Tenore (1981) for U. lactuca. Our study had 

the fastest known growth rates for H. musciformis in November 2012 in Titusville (0.35 ± 

0.03 doublings d
-1

). The fastest known growth rates for G. tikvahiae (0.37 ± 0.01 

doublings d
-1

) were found by Lapointe et al.'s (1984a) work in flowing-seawater flume 

studies designed for optimized water flow and aeration for rapid G. tikvahiae growth, 

whereas our caging studies were conducted in situ. Similar growth results were found for 

G. foliifera at 0.41 doublings d
-1

 in May and July of 1979 (Lapointe, 1981), which used 

similar culture methods as Lapointe et al. (1984a). Our relatively low field growth rates 

of G. tikvahiae demonstrate that H. musciformis and U. lactuca can outperform in 

continuously high nutrient environments. Studies reveal similar results where high 

nutrient concentrations stimulate macroalgal growth rates (Lapointe, 1987; Lapointe and 

Tenore, 1981; Peckol et al., 1994) and photosynthetic efficiencies (Lapointe, 1987; 

Lapointe and Duke, 1984; Lapointe and Tenore, 1981; Lapointe et al., 1984a). 

Our  second hypothesis that U. lactuca would dominate nutrient-rich sites 

compared to H. musciformis and G. tikvahiae due to increased SA:V ratios, 

photosynthetic capacity, and thallus morphology (Hanisak et al., 1988; Littler, 1980) was 

supported by field studies and lab experiments. Ulva lactuca had the fastest growth rates 

in Titusville and there was no significant difference in growth rates at HBOI among all 

algal species in a relatively low nutrient environment (TDN:TDP ratio < 30:1). The RLC 

data showed that U. lactuca had a higher photosynthetic efficiency than G. tikvahiae and 

H. musciformis. Ulva lactuca is also more photosynthetically efficient from RLCs taken 
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at BPK  than A. spicifera, another highly branched rhodophyte. Interestingly, U. lactuca 

and A. spicifera did not differ in light saturation of the photosynthetic apparatus in the 

field even though Is was higher in U. lactuca than both G. tikvahiae and H. musciformis 

in the lab. Ulva lactuca had the highest SA:V ratio, followed by H. musciformis, then G. 

tikvahiae. Hypnea musciformis had a biomass doubling time of almost three days in 

November 2012 in Titusville. The increased growth rate of H. musciformis under proper 

conditions and higher SA:V ratios than G. tikvahiae supports the functional/form 

hypothesis (Carpenter, 1990; Littler, 1980) because the finely branched thalli 

construction can outcompete a more rigid coarsely thallus due to fewer resources 

allocated for morphology in nutrient-rich environments. Similar results were found in 

genetically different clones of G. tikvahiae with altered ecological and physiological 

fitness quantified by increasing intraspecific SA:V ratios, photosynthesis, and growth 

rates (Hanisak et al., 1988). 

The utilization of the Next Engine 3-D scanner for SA:V ratio quantification is a 

vast improvement over past planimetry techniques (Rosenberg and Ramus, 1984) 

conducted by outlining algal surface area. Traditional planimetry techniques are time-

consuming (Rosenberg and Ramus, 1984). However, laser capture of highly branched 

thalli was limited with the 3-D scanner. Spraying specimens with floral paint enhanced 

laser retention, however there was still some error quantifying intricate finely and 

coarsely branched morphologies. Despite this limitation, methods have vastly improved 

and data are precise among replicates. New scanning methods are easier, less time-

consuming, and more accurate, especially for flat thalli macroalgae, like U. lactuca. 
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Results supported our third hypothesis that higher nutrient concentrations would 

have a greater effect on macroalgal growth rates and photosynthetic efficiency than N:P 

ratios. From the laboratory nutrient enrichment studies, RLCs of the high nutrient, high 

SRP treatment were three-fold higher and the biomass doubling rate  decreased ~ 9.1 

days (average μ ± SD; μ= 0.11 ± 0.06) to 2.5 days (μ= 0.40 ± 0.11) with increasing 

nutrient concentrations (treatment 1 compared to treatment 9). Specifically, biomass 

doubling time decreased two-fold from 4.5 days (μ= 0.22 ± 0.11) to 2.5 days (μ= 0.40 ± 

0.11) with increasing DIN concentrations despite constant N:P ratios (30:1) for 

treatments 5 and 9, respectively. These increases in the photosynthetic apparatus of 

macroalgae can be attributed to nutrient enrichment (Lapointe, 1997). SRP concentrations 

did not significantly affect U. lactuca in the enrichment studies because these samples 

were taken from culture at HBOI in N-limited conditions (Lapointe and Ryther, 1979). 

Fong et al. (2004) similarly showed increased growth rate in the chlorophyte, 

Enteromorpha intestinalis, in a four-week nutrient enrichment experiment despite 

constant N:P ratios of 10:1 in all treatments. Therefore, N:P ratios alone do not reflect the 

degree of N- or P-limitation or interspecific algal abundance within ecosystems (Fong et 

al., 2001), especially if neither N or P concentrations are limiting (Davidson et al., 2012). 

N:P ratios differ among species with varying uptake and nutrient assimilation 

characteristics, such as N storage in rhodophyte phycobiliproteins (Dawes et al., 1984; 

Lapointe, 1981; Lapointe et al., 1984b; Lapointe and Ryther, 1978). 

 Nitrogen uptake from the water column in macroalgae can vary depending on 

environmental conditions. For instance, a N-limited plant (C:N < 10:1) will have the 
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highest NH4
+
 uptake rates (Hanisak, 1990) and NO3

-
 suppression occurs when NH4

+
 

concentrations are 0.5-1.0 µM (D'Elia and DeBoer, 1978). Only in November 2011 

sampling did the CIRL5 site have NH4
+ 

concentrations greater than 1.0 µM (3.1 ± 0.01 

µM), suggesting NH4
+ 

suppression from high input. For example, intraspecific variations 

in N:P tissue ratios were found between the wider Caribbean region and southeast Florida 

within the invasive macroalga, Codium isthmocladum, due to changes in water column 

SRP concentrations and DIN:SRP ratios (Lapointe et al., 2005). Therefore, overall 

DIN:SRP ratios from the water column offer little information on plant health and  

nutrient status over large spatial and temporal scales (Davidson et al., 2012).   

Nutrient thresholds are being developed in Florida to help moderate high-biomass 

algal blooms (Kaufman et al., 2010; SFWMD and SJRWMD, 2002). Lapointe et al. 

(1992) suggested that DIN and SRP water column concentrations of ~ 1.0 and 0.1 µM, 

respectively can support opportunistic rhodophyte (D'Elia and DeBoer, 1978) and 

chlorophyte (Lapointe, 1981; Lapointe, 1997) macroalgal blooms. Our nutrient data for 

the NIRL and CIRL show relatively low DIN, except for November 2011 where rainfall-

driven stormwater elevated DIN levels. The TDN:TDP ratios give an overall idea of N- 

versus P-limitation, which show that the northern IRL is P-limited and the central IRL is 

N-limited. Despite high SRP concentrations in the northern IRL, the concentrations of N 

are so high that the ratios have shifted to P-limitation. However, DIN concentrations at 

our BPK sites were higher than 1.0 µM and support observations of blooms. SRP levels 

in the NIRL and CIRL were all ≥ 0.1 µM and BPK concentrations were very high. 

Elevated SRP levels in nutrient-rich environments played a primary role in supporting 



35 
 

Ulva spp. growth rates in Titusville and BPK as Ulva spp. has a limited capacity for 

nutrient storage and requires consistently high nutrient concentrations. Contrasting EPA 

and state targets for TN and TP have been set for the IRL. The IRL SWIM Plan has 

proposed goals of 50 μM and 1.7 μM, respectively (SFWMD and SJRWMD, 2002), 

compared to higher EPA TN and TP targets of 103.57 μM and 7.68 μM, respectively 

(Kaufman et al., 2010). The EPA TP target is two-fold or more higher than TDP at BPK 

where the surrounding waters are consistently enriched with high P-loading from bird 

guano (Lapointe et al., 1992). These data indicate that EPA targets are unrealistic. 

Finally, our fourth hypothesis that RLCs can be used as short-term assessments of 

in situ macroalgal nutrient status was also supported. Our RLC data demonstrate that 

nutrient status can be quantified through variable photosynthetic efficiencies. The 

chlorophyte, U. lactuca had higher RLCs than A. spicifera in BPK. Therefore, RLC data 

from U. lactuca and A. spicifera corroborate opportunistic characteristics of Ulva spp. 

compared to highly branched rhodophytes. Ulva intestinalis had consistently higher 

RLCs than U. lactuca, indicating interspecific variations in the photosynthetic apparatus. 

RLCs of these same species taken at two nutrient-rich sites, Titusville and BPK, were 

statistically similar. Nutrient enrichment in the lab also increased RLCs of U. lactuca 

three-fold. 

Species in the chlorophyte genus, Ulva, have demonstrated bloom phenomena 

globally in a wide variety of nutrient-rich environments (Lapointe et al., 1992; Sfriso et 

al., 1992; Teichberg et al., 2007, 2010). Ulva spp. are opportunistic bloomers in nutrient-

rich sites and especially prefer P-rich conditions, whether P input is natural, like BPK, or 
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anthropogenic, like the NIRL. Ulva spp. can bloom in both temperate and tropical 

climatic zones as well. For instance, the “indicator species” U. lactuca and G. tikvahiae 

were found where the highest δ
15

N tissue content of ~ 12‰ were collected near a sewage 

outfall in Buccoo Bay, Tobago (Lapointe et al., 2010) and of ~ 14-17‰ for Ulva spp. and 

8-12‰ for Gracilaria spp. in Narragansett Bay, RI, USA (Thornber et al., 2008). The 

IRL is a transitional zone where Ulva spp. have the potential to form HABs along the 

entire eastern coast of Florida. Ulva spp. have a global distribution in nutrient-rich areas, 

especially in sites enriched with anthropogenic N and P (Techberg et al., 2010), like 

Qingdao China (Leliaert et al., 2009), Maui, Hawaii (Dailer et al., 2012), and the Venice 

Lagoon, Italy (Sfriso et al., 1992; Teichberg et al., 2010). 

Ulva intestinalis has also been known to bloom in the Venice lagoon, Italy (Sfriso 

et al., 1992; Teichberg et al., 2010) and in other areas where U. lactuca can be found 

(Teichberg et al., 2010). In our study, U. intestinalis had an inherently higher 

photosynthetic capacity than U. lactuca in BPK and Titusville. Fujita (1985) revealed 

faster NH4
+
 uptake rates in Enteromorpha spp. than U. lactuca, shedding some light on 

the inherent photophysiological differences between U. intestinalis and U. lactuca from 

RLCs in our study. Unlike U. intestinalis, not all Ulva spp. vary in their photophysiology. 

For example, comparable ETRs over increasing irradiances from the diving-PAM and 

PAM-101 of cultured U. lactuca and in situ U. fasciata found in the Mediterranean (Beer 

et al., 2000).  

Our data demonstrate biological responses of macroalgal blooms to nutrient 

enrichment under different environmental regimes, which are fundamental to the 
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development of nutrient criteria for the IRL. Results from this study demonstrate that 

high nutrient concentrations increase growth rates and photosynthetic efficiencies of 

opportunistic macroalgae consistent with "bottom-up" ecosystem control (Lapointe, 

1997). For example, Fujita (1985) conducted a growth experiment with U. lactuca, 

Enteromorpha spp., and G. tikvahiae. He found that the chlorophytes grew more rapidly 

than G. tikvahiae with nutrient enrichment. These data further suggest nutrient 

enrichment as a leading "bottom-up" control for macroalgal growth. Macroalgal blooms 

are not only influenced by "top-down" ecosystem controls, like snail (Littorina littorea) 

grazing on E. intestinalis in New England (Lubchenco, 1978), but also "bottom-up" 

effects. Therefore, nutrient thresholds are critical to controlling the development of 

macroalgal HABs. 

Inherent differences in macroalgal growth strategies can be useful in 

environmental management and nutrient assessment of high biomass macroalgal HABs. 

Specifically, an abundance of macroalgae in Titusville and BPK suggests high nutrient 

loads. These insights are supported by water column and algal tissue nutrient analyses 

and RLC data from the Walz Diving-PAM. The RLCs of  Chlorophyta and Rhodophyta 

suggest these are a useful tool in potentially predicting the magnitude of macroalgal 

blooms, ultimately contributing to the establishment of nutrient metrics for environmental 

management and adherence to the IRL SWIM Plan (Lotze and Schramm, 2000). Using 

PAM fluorometry and RLCs as monitoring tools was also suggested from a study 

conducted in 10 sample basins of Florida Bay within Everglades National Park to 

spatially assess the health of the seagrass, Thalassia testudinum (Belshe et al., 2007). 
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However, if PAM fluorometry is to be used for largescale monitoring, temporal and 

spatial variations, such as nutrient concentrations and N:P ratios, of photosynthetic 

efficiencies require consideration. 

 The morphology, photosynthetic efficiency, and high SA:V ratios all make U. 

lactuca and other flat sheet-like macroalgae good competitors. The combined use of 

PAM fluorometry, macroalgal tissue content, and water nutrient analyses can help 

determine nutrient status and health of opportunistic macroalgae. The presence of certain 

highly opportunistic indicator species, like Ulva spp., indicate high nutrient enrichment 

within a site. We have found that N:P ratios are not sufficient to establish limiting 

nutrients and environmental management strategies because N and P dynamics on algal 

growth are complex and thus nutrients require synchronous reduction (Hanisak, 1990; 

Waite and Mitchell, 1972). In addition, our water quality data for the NIRL and BPK also 

suggest significant increases in P (TDP and SRP) loading compared to the CIRL where 

Ulva spp. blooms are currently most likely to occur (Lapointe et al., 1992). Our data 

comparing the specific growth rates, SA:V ratios, and photosynthetic efficiencies show 

U. lactuca is highest, followed by H. musciformis, and finally G. tikvahiae lending 

support for Littler’s (1980) functional/form hypothesis. Inherent physiological 

advantages of U. lactuca make it the strongest competitor for light, space, and nutrients 

(Carpenter, 1990). These characteristics make Ulva spp. global opportunistic bloomers 

that can easily get out of control and form HABs (Dailer et al., 2010, 2012; Leliaert et al., 

2009; Teichberg et al., 2010). These blooms are largely attributed to eutrophication, such 

as the Qingdao bloom in July 2008 of a unique Ulva spp. clade identified as Ulva linza-
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procera-prolifera (LPP; Leliaert et al., 2009) that almost jeopardized the Olympic sailing 

events in July 2008 and historic Ulva spp. blooms in Boston Harbor (Sawyer, 1965).  

Thus, macroalgae can serve as bioindicators for environmental managers in three 

ways: 1) through local species specific abundances, 2) by assessing in situ health using 

RLCs from a Walz Diving-PAM, and 3) water quality and/or δN
15

 tissue data. Studies 

have shown a strong relationship between high δN
15

 tissue content and high nutrient 

concentrations in the water column for macroalgae (Dailer et al., 2010; Fong et al., 2001; 

Lapointe, 1997; Lapointe et al., 2004) which in turn relate to higher growth responses 

(Fong et al., 2003). Managers can use these techniques to control N and P in synchrony 

(Howarth and Paerl, 2008). This is why understanding species specific growth strategies 

and abundance of certain opportunistic macroalgal species, determining N and P 

concentrations from water quality data, and analyzing tissue content through isotopic 

signatures (Fong et al., 2001) can all help monitor and mitigate potential HABs. 
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5. CONCLUSIONS 

Results of this study show that three species of macroalgae, U. lactuca, H. 

musciformis, and G. tikvahiae, grew better in nutrient-rich compared to relatively 

nutrient-poor environments. Ulva lactuca had higher growth rates and photosynthetic 

capacity than both rhodophytes due to inherent physiological and morphological 

advantages. Ulva lactuca has higher SA:V ratios, photosynthetic efficiencies, and a flat 

sheet-like morphology, all contributing to its opportunistic growth and global bloom 

potential. Doubling rates of U. lactuca in Titusville during November 2012 field study 

and laboratory growth enrichment under high nutrient concentration treatments were 2 

and 2.5 days, respectively. These data correspond with the ability of Ulva spp. to 

accumulate high biomass that eventually leads to macroalgal HABs. RLCs from U. 

lactuca and U. intestinalis in Titusville and BPK further support that fluorometric 

measurements be used as short-term assessments of nutrient status and macroalgal health 

and that Ulva spp. have a preference for nutrient-rich, high SRP sites. 

Policies to limit N and P loading to coastal waters are being developed in Florida 

(FDEP, 2013). P reduction strategies have not been successful for N reduction (Howarth, 

2008). Nitrogen is also a difficult nutrient to mitigate due to NH4
+
 atmospheric 

deposition. We know now that nutrient limitation varies locally and regionally, as 

indicated by nutrient shifts in the IRL.  
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The EPA has set numeric nutrient criteria for the Indian River/ St. Lucie region 

(Kaufman et al., 2010). Their mean goals for TN and TP are 1.45 and 0.238 mg l
-1

, these 

correspond to nutrient concentrations for TDN and TDP water quality comparisons of ~ 

103.57 μM and 7.68 μM, respectively. Our water quality data from the NIRL, CIRL, and 

BPK were all well below TDN and TDP limits, except for our highest TDN in NIRL 

during June 2011 (103.7 μM). Despite areas in the IRL meeting EPA nutrient criteria, U. 

lactuca still had a biomass doubling rate of two days in Titusville during November 2012 

and high growth potential for HAB formation. The EPA TP target is two-fold or more 

than TDP at BPK where the sites and consistently enriched with P loading from bird 

guano. These data alone indicate that EPA targets are unrealistic for the IRL. 

Furthermore, state nutrient criteria from the IRL SWIM Plan has set more rigid TN 

targets at 50 μM and TP at 1.7 μM (SFWMD and SJRWMD, 2002).  

The IRL SWIM Plan has put forth these nutrient criteria to improve seagrass 

health. However, no real action has been taken to assess the high to low nutrient 

concentration gradient dynamics to prevent HABs, like the recent brown tide "super 

bloom" in Mosquito Lagoon. The data from this study: 1) support the N:P nutrient-

limitation gradient within the IRL, 2) provide physiological methods for assessing in situ 

macroalgal health with respect to nutrient-limitation, and 3) support that both N and P 

reduction is necessary to control Ulva spp. growth for predictive HAB management 

strategies regionally and abroad.
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6. APPENDIX A 

 
 

Figure 1. Map of the sites where bloom-forming macroalgae occur in the IRL (Titusville, 

HBOI) and the Florida Keys (BPK) used in this study. 
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Figure 2. 2011 Florida census population density map for Brevard, St. Lucie, and Indian 

River Counties (population km
-2

; census.gov). 
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Figure 4. RLC graph of U. lactuca (n= 9) compared to A. spicifera (n= 6) at BPK 

demonstrating physiological differences between macroalgae taxa. PRLC was significant 

(F1, 14= 12.87, p < 0.004) and Is was not (F1, 14= 3.84, p < 0.070). Data represent means ± 

SE.  
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Figure 5. RLC graphs of U. lactuca (n= 10) compared to U. intestinalis (n= 3) at BPK 

and Titusville demonstrating physiological differences between species of macroalgae 

with contrasting morphologies despite spatial variation. PRLC was significant (F1, 14= 

20.65, p < 0.001) and Is was not (F1, 23= 3.31, p < 0.082).Data represent means ± SE. 
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Figure 6. Final RLC graphs from the nutrient pulsing experiment after 60 hour 

incubations at 20°C on U. lactuca. Treatment 1 (♦) is the control (0 µM SRP and DIN). 

Treatment 2 (◊; 1 µM SRP, 0 µM DIN). Treatment 3 (■; 2 µM SRP, 0 µM DIN). 

Treatment 4 (□; 0 µM SRP, 30 µM DIN). Treatment 5 (▲; 1 µM SRP, 30 µM DIN). 

Treatment 6 (∆; 2 µM SRP, 30 µM DIN). Treatment 7 (●; 0 µM SRP, 60 µM DIN). 

Treatment 8 (○; 1 µM SRP, 60 µM DIN). Treatment 9 (*; 2 µM SRP, 60 µM DIN). Data 

represent means ± SE. Contrasts between treatments 5 and 9 had similar RLCs (F1, 18= 

7.85, p < 0.012) and growth rates (µ; F1, 18= 11.63, p < 0.003). However, Is did not differ 

(F1, 18= 0.32, p < 0.579). 
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Figure 7. RLC graph for U. lactuca (n= 27), G. tikvahiae (n= 24), and H. musciformis (n= 

21) conducted in the lab. RLCs between U. lactuca and rhodophytes were significantly 

different (F1, 71= 62.62, p < 0.001). Contrasts between rhodophytes revealed similarities 

in photosynthesis (F1, 71= 3.10, p < 0.083). Data represent means ± SE. 
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7. APPENDIX B 

7.1 Water Column Phosphorus Concentrations 

 Two-way ANOVAs to test the main effects of site and season and the combined 

interaction were conducted separately for P concentrations (SRP and TDP) for sample 

sites NIRL2, CIRL5, BI, and LI (Table 1). Residuals from both datasets, natural log 

transformed SRP and TDP dependent variables were not normal (Shapiro Wilk’s p < 

0.001 and p < 0.003, respectively).  

 

Variable Factor SS d.f. F Value P Value R
2
 

SRP Model 4.40 5 8.28 0.003 0.70 

 Error 1.91 18    

 Site  4.28 3 13.44 <0.001  

 Season 0.10 1 0.97 0.338  

 Site*Season 0.01 1 0.06 0.802  

TDP Model 2.24 5 4.18 0.011 0.54 

 Error 1.93 18    

 Site 2.23 3 6.92 0.003  

 Season 1.20 1 1.83 0.193  

 Site ID*Season 0.09 1 0.87 0.365  

 

 

7.2 Field Specific Growth Rates 

A MANOVA (main effects of algal species, site, and season) was performed on 

specific growth rate (μ) data. Residuals of the data were not normal (Shapiro Wilk’s p < 

0.005; Figure 3). Transformation did not result in normality, so robustness of analysis 

was 
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assumed. The interaction for site and season was not significant (Wilk’s Lamda p < 

0.056). Therefore, protected ANOVA output for this interaction was not included. 

MANOVA Output 

 

Ho d.f. F Value 
Wilk’s Lambda 

P Value 
R

2 

No Algae effect 2 46.07 <0.001 0.72 

No Site effect 1 58.49 <0.001 0.62 

No Algae*Site effect 2 13.88 <0.001 0.44 

No Season effect 1 85.09 <0.001 0.70 

No Algae*Season effect 2 9.71 0.004 0.35 

No Site*Season effect 1 3.88 0.056* 0.10 

No Algae*Site*Season effect 2 7.33 0.002 0.29 

 

Protected ANOVA Output 

 

Factor SS d.f. F Value P Value 

Model 0.63 11 27.40 <0.001 

Algae 0.19 2 46.07 <0.001 

Site 0.12 1 58.49 <0.001 

Algae*Site 0.06 2 13.88 <0.001 

Season 0.18 1 85.09 <0.001 

Algae*Season 0.04 2 9.71 0.004 

Algae*Site*Season 0.03 2 7.33 0.002 

Error 0.08 36   

A posteriori contrasts     

U. lactuca vs. rhodophytes 0.17 1 81.40 <0.001 

H. musciformis vs. G. tikvahiae 0.02 1 10.73 0.002 

 

 

7.3 RLCs Comparisons Between Nutrient-rich Sites 

Two-way ANOVA BPK Mangrove Islands 

 A two-way ANOVA was conducted on PRLC and Is for U. lactuca, U. intestinalis, 

and A. spicifera to assess differences among algae, the two mangrove island sites in BPK 

(Big Island and Little Island), and the combined interaction (Figures 4 and 5). Residuals 
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of the natural log transformed PRLC data were normal (Shapiro Wilk’s p < 0.362). 

Residuals of the natural log transformed Is data were normal (Shapiro Wilk’s p < 0.138). 

Variable Factor SS d.f. F Value P Value R
2 

PRLC Model 7.77 4 8.35 0.001 0.70 

 Error 3.26 14    

 Algae 5.01 2 10.77 0.002  

 Site 0.004 1 0.02 0.902  

 Algae*Site 2.47 1 10.62 0.006  

A posteriori contrasts 

 U. lactuca vs. A. spicifera 2.85 1 12.27 0.004  

Is Model 2.98 4 3.94 0.024 0.53 

 Error 2.65 14    

 Algae 2.25 2 5.97 0.013  

 Site 0.60 1 3.15 0.097  

 Algae*Site 0.92 1 4.89 0.044  

A posteriori contrasts 
 U. lactuca vs. A. spicifera 0.73 1 3.84 0.070  

 

Two ANOVA Output (PRLC)  

A two-way ANOVA was conducted on the dependent variable (PRLC) to test the 

main effects of algal species (U. lactuca, U. intestinalis, and A. spicifera) and site 

differences (Titusville and BPK) and the combined interaction. Residuals of the data 

(PRLC) were normal (Shapiro Wilk’s p < 0.899).  

Factor SS d.f. F Value P Value R
2 

Model 347.29 4 12.25 <0.001 0.68 

Error 163.02 23    

Algae 224.53 2 15.84 <0.001  

Site 27.60 1 3.89 0.061  

Algae*Site 0.66 1 0.09 0.763  

A posteriori contrasts 

U. lactuca vs. U. intestinalis 146.38 1 20.65 0.001  
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Two-way ANOVA Output Is  

A two-way ANOVA was conducted on the dependent variable (Is) to test the main 

effects of algal species and site differences and the combined interaction. Residuals of the 

natural log transformed data (I) were normal (Shapiro Wilk’s p < 0.055).  

Factor SS d.f. F Value P Value R
2
 

Model 3.28 4 4.20 0.011 0.42 

Error 4.49 23    

Algae 1.91 2 4.90 0.017  

Site 0.21 1 1.09 0.308  

Algae*Site 0.03 1 0.17 0.685  

A posteriori contrasts      

U. lactuca vs. U. intestinalis 0.64 1 3.31 0.082  

 

MANOVA Output (Is) 

 According to MANOVA there was an overall algae effect, but no site or 

interaction effects on all 9 PSII light saturation levels of U. lactuca and U. intestinalis.  

Ho d.f. F Value 
Wilk’s Lambda 

P Value 
R

2 

No algae effect 8, 13 3.34 0.026 0.67 

No site effect 8, 13 1.09 0.429 0.40 

No algae*site effect 8, 13 0.90 0.546 0.36 

 

Protected ANOVA Output (Is) 

Protected ANOVA output show that all light levels, except 192 µmol photons m
-2

 

s
-1

, are significantly different between U. lactuca and U. intestinalis RLCs in Titusville 

and BPK.  
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PAR  

(µmol photons m
-2

s
-1

) 
Factor SS d.f. F Value 

P 

Value 
R

2 

192  171.99 3 1.41 0.270 0.17 

Error  814.67 20    

 Algae 108.00 1 2.65 0.119  

287  483.14 3 2.17 0.123 0.25 

Error  1483.75 20    

 Algae 343.38 1 4.63 0.044  

390  1063.56 3 3.31 0.041 0.33 

Error  2142.86 20    

 Algae 756.96 1 7.06 0.015  

572  2228.93 3 4.68 0.012 0.41 

Error  3171.79 20    

 Algae 1584.96 1 9.99 0.005  

768  3465.44 3 6.05 0.004 0.48 

Error  3816.09 20    

 Algae 2473.47 1 12.96 0.002  

1151  5450.14 3 7.85 0.001 0.54 

Error  4626.04 20    

 Algae 3688.82 1 15.95 0.007  

1645  6073.33 3 7.91 0.001 0.54 

Error  5120.57 20    

 Algae 3778.17 1 14.76 0.001  

2398  6754.85 3 9.01 0.006 0.57 

Error  4996.36 20    

 Algae 3937.10 1 15.76 0.001  

 

 

7.4 Nutrient Enrichment Experiment 

Three two-way ANOVAs were conducted on PRLC, Is, and specific growth rates 

(μ) to establish photosynthetic differences in U. lactuca over a nutrient gradient in 

nutrient enrichment, respectively (Figure 6). Residuals of the data (PRLC) were normal 

(Shapiro Wilk’s p < 0.905). Residuals of the data (Is) were normal (Shapiro Wilk’s p < 

0.217). Residuals of the data (growth rate, μ) were normal (Shapiro Wilk’s p < 0.790). 
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Three one-way ANOVAs were also conducted on PRLC, Is, and specific growth 

rates (μ) to compare all 9 treatments, respectively. A posteriori contrasts were conducted 

to specifically compare a low (treatment 5) and high nutrient (treatment 9) treatments 

where the N:P ratio remained constant at 30:1. The data (PRLC) were homogenous 

(Levene’s F8, 18= 1.65, p < 0.180; Welch’s F8, 7.39= 3.77, p < 0.045). The data (Is) were 

homogenous (Levene’s F8, 18= 1.07, p < 0.425; Welch’s F8, 6.84= 1.32, p < 0.363). The 

data (μ) were homogenous (Levene’s F8, 18= 2.24, p < 0.074; Welch F8, 7.40= 10.22, p < 

0.003). 

Variable Factor SS d.f. F Value P Value R
2 

PRLC  Model 114.71 8 3.47 0.014 0.61 

 Error 74.36 18    

 DIN  87.72 2 10.62 0.009  

 SRP  10.74 2 1.30 0.297  

 DIN*SRP 16.25 4 0.98 0.441  

A posteriori contrasts 

 Treatment 5 vs. 9  32.43 1 7.85 0.012  

Is Model 260295.33 8 1.88 0.127 0.46 

 Error 311372.67 18    

 DIN  219962.89 2 6.36 0.008  

 SRP  7970.67 2 0.23 0.797  

 DIN*SRP 32361.78 4 0.47 0.759  

A posteriori contrasts 

 Treatment 5 vs. 9  5520.67 1 0.32 0.579  

Growth rate (μ) Model 0.21 8 6.48 0.005 0.74 

 Error 0.07 18    

 DIN  0.17 2 21.23 <0.001  

 SRP  0.03 2 3.30 0.060  

 DIN*SRP 0.01 4 0.70 0.602  

A posteriori contrasts 

 Treatment 5 vs. 9  0.05 1 11.63 0.003  
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7.5 Surface Area:Volume Analysis 

A one-way ANOVA on SA:V ratios (cm
2
 g dry wt.

-1
) was conducted to establish 

morphological differences between U. lactuca, H. musciformis, and G. tikvahiae. 

Residuals of the data were normal (Shapiro-Wilk’s p < 0.925) and the data were 

homogeneous (Levene’s F= 2.10, p < 0.178; Welch’s F= 3373.91, p < 0.001). A 

posteriori contrasts between macroalgal species were conducted to assess interspecific 

morphological differences in growth strategy. 

Variable SS d.f. F value P value R
2 

SA:V  575655.03 2 2277.86 <0.001 0.998 

Error 1137.23 9    

A posteriori contrasts      

U. lactuca vs. rhodophytes 574893.17 1 4549.69 <0.001  

H. musciformis vs. G. tikvahiae 761.87 1 6.03 0.036  

U. lactuca vs. H. musciformis 413235.95 1 3270.34 <0.001  

U. lactuca vs. G tikvahiae 449484.73 1 3557.21 <0.001  

 

 

7.6 Interspecies Physiological Comparisons 

A one-way ANOVA was conducted on PRLC of U. lactuca, H. musciformis, and 

G. tikvahiae to assess interspecific photosynthetic differences between taxa (Figure 7). 

Residuals of the natural log transformed PRLC data were normal (Shapiro-Wilk’s p < 

0.053). Levene’s test for homogeneity of variances was slightly significant (F2, 71= 4.16, p 

< 0.020). ANOVA was assumed to be robust to this slight violation. Welch’s ANOVA 

was significant (F2, 45.5= 28.46, p < 0.001). A posteriori comparisons were conducted to 

compare RLCs of individual macroalgal species.  
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Variable SS d.f. F Value P value R
2 

PRLC 6.65 2 33.04 <0.001 0.48 

Error 7.14 71    

A posteriori contrasts      

U. lactuca vs. rhodophytes 6.30 1 62.62 <0.001  

H. musciformis vs. G. tikvahiae 0.31 1 3.10 0.083  

U. lactuca vs. H. musciformis 6.01 1 59.71 <0.001  

U. lactuca vs. G. tikvahiae 3.42 1 33.99 <0.001  

 

MANOVA Output (PRLC) 

Overall MANOVA Ho that there is no overall effect of algae on light curve 

responses was significant, therefore the following output from the protected ANOVA is 

given below. 

Ho d.f. F Value 
Wilk’s Lambda 

P Value 
R

2 

No algae effect 16 16.88 <0.001 0.90 

 

Protected ANOVA Output (RLCs) 

PAR 

 (µmol photons m
-2

 s
-1

) 
SS d.f. F Value P value R

2 

230 3079.11 2 65.62 <0.001 0.65 

Error 1665.87 71    

339 5684.06 2 111.23 <0.001 0.76 

Error 1814.06 71    

500 8093.01 2 135.28 <0.001 0.79 

Error 2123.71 71    

675 8728.83 2 123.66 <0.001 0.78 

Error 2505.87 71    

979 8150.50 2 103.38 <0.001 0.74 

Error 2798.73 71    

1309 6024.13 2 74.02 <0.001 0.68 

Error 2889.09 71    

1971 3607.02 2 38.00 <0.001 0.52 

Error 3369.92 71    

2799 1403.80 2 15.12 <0.001 0.30 

Error 3295.59 71    
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